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Energy storage systems have become more and more significantly important in our everyday life. 
Lithium ion batteries (LIBs), the most popular example, enable the application of numerous 
portable devices, such as digital cameras, smart phones, and laptops. With the advantage of high 
energy efficiency, LIBs are preferred alternative to replace the conventional combustion engine 
in transportation sector. In order to achieve such technological advance, novel electrode 
materials as well as nano-sized conventional materials are necessary to develop LIBs of higher 
volumetric and gravimetric energy capabilities. The materials should also survive fast charging 
or discharging, which means they are capable to deliver high power. These key characteristics 
are able to proliferate the applications of LIBs from small portable electronic devices to 
battery-powered electrical vehicles (EVs). Currently, one-dimensional (1D) nanomaterials have 
gained scientific attention as prospective electrode materials due to high surface area, enhanced 
electronic conductivity, and large lithium accommodation space. 
The goal of the present work is to develop high performing electrodes based on 1D carbon 
nanofiber (CNF) and derived nanocomposites via electrospinning technique. Electrospun CNFs 
are fabricated by the facile one-step direct electrospinning and afterward heat treatment. The 
condition of heat treatment is responsible to develop CNFs of different fiber diameter and 
surface area. As anode electrode material in LIBs, electrospun CNFs demonstrate superior 
stability and higher power capability than commercial graphite due to 1 D nanostructure. More 
importantly in this study, their long-term stability has been analyzed to understand their 
difference during electrochemical reaction with lithium. 
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Similar to the fabrication of electrospun CNFs, 1D nickel oxide/ruthenium oxide 
(NiO/RuO2)-CNF nanocomposites have been prepared via co-electrospinning a mixture of 
polymeric solution and metal salt precursor. Different ratios of metal salt have been tried and 
compared. Difference in structures has been investigated by XRD pattern analysis, indicating 
sufficient amount of electrospun CNFs can reduce metal oxides into metals during calcination. 
The optimized NiO/RuO2-CNF sample demonstrates an improved capacity in comparison with 
bare CNFs. The results confirm the high-power capability of CNF-based nanomaterials. 
Based on the procedure of producing electrospun CNFs, high-capacity maghemite (γ-Fe2O3) 
nanoparticles have been uniformly distributed on the surface of CNFs by a hybrid synthesis. The 
method combines the electrospinning technique and hydrothermal process. Morphology, 
structure, and electrochemical performance have been characterized to understand the 
uniqueness of such hybrid synthesis. Comparative studies with aggregated bare Fe2O3 
nanoparticles confirm the superiority of the hierarchical structure of γ-Fe2O3@CNFs. Improved 
capacity (> 830 mAhg
−1
 at 50 mAg
−1
) and high rate performance (~ 336 mAhg
−1
 at 5 Ag
−1
) have 
been observed in the voltage window of 0.005−3 V vs Li. The performance enhancement is 
attributed to the separation effects of CNFs for nanoparticles, and such methodology can be 
extended to prepare other CNF-based functional nanocomposites.  
Lithium titanium oxide (Li4Ti5O12, LTO) has attracted a lot of attention as the next-generation 
anode candidate due to its excellent stability. To further boost the performance of this material, 
structural engineering at nano-level and carbon coating are desired. Therefore, it is of significant 
interest to develop carbon-based LTO nanocomposites and examine their electrochemical 
performance. Carbon-based LTO (C-LTO) has been fabricated and compared with bare LTO 
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grains utilizing electrospinning. The size reduction effect of electrospun CNFs for LTO is 
prominent, verified by both TEM and XRD characterization. Furthermore, the nano-LTOs 
embedded in carbon demonstrate superior power capability. 
The overall exploration of anode electrodes based upon electrospun CNFs demonstrates 
prospective aspect of applying 1 D nanostructure in LIB applications. During synthesis and 
further calcination, electrospun CNFs exhibit reducing as well as nano-separation effects leading 
to well-controlled structures and morphologies. These are essential for superior electrochemical 
performance. Especially, the power capability of CNF-based electrodes can be stabilized at 10 C 
rate (6 min finishing ultra-fast charge/discharge) for 500 cycles.  
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Chapter 1 INTRODUCTION 
1.1 Motivations 
Countering the present challenges of population explosion, increasing energy demand, and 
intensified global warming issues, various energy strategies and technologies have been 
implemented to mitigate the situation. The fossil product (Oil, Natural gas, and Coal) oriented 
economy has increased the greenhouse gas emission, which artificially affects the global 
warming. New energy types, including nuclear energy and renewable energy, are explored as 
alternative sources to generate electricity in a much cleaner way. However, their proportion in 
world energy consumption is still low ~10%.
1
 Another way to meet the ever-increasing energy 
demand is to enhance the overall energy consumption efficiency. Battery, one form of energy 
storage system, circumvents to meet the increasing energy demands and suppress the severe 
environmental issues by its high efficiency as major portable energy supplier. Rechargeable 
lithium ion battery (LIB) taking the leading position in the battery market is a popular direction 
for plenty of researches regarding materials science, chemistry, and electrochemical studies. 
Lithium (Li), one of the alkali metals, is highly reactive and can theoretically deliver 
ultrahigh energy of up to 11,800 Wh/kg through electrochemical reaction, comparable to that of 
gasoline (13,000 Wh/kg).
2
 In the 1970s, such high-energy metal was found to be able to 
reversibly intercalate into graphite
3, 4
, which demonstrated a prototype for LIB. After research 
and development for almost half a century, LIBs have become a dominant mobile power source 
for a wide range of applications in portable devices, such as camcorders, celluar phones, power 
tools, notebook PCs and etc. by billions of units per year (shown in Fig 1.1 a)
5
. In the global 
market for rechargeable batteries, LIBs are much prior to other rechargeable batteries, including 
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Lead-acid, Nickel-cadmium and Nickel-metal hydride batteries, due to LIBs’ high energy 
density, high coulumbic efficiency, long cycle life and self-maintenance
6-8
. However, current 
commercialized LIBs are still far from satisfactory regarding high energy/power applications, 
such as pure electric vehicles (EVs) and hybrid electric vehicles (HEVs). As shown in Fig 1.1 b
5
, 
the potential markets for EVs-based transportation system are continuously growing. Meanwhile 
the trend of developing high-performance LIBs matches well with the global needs to promote 
low-carbon economy. Therefore, further improvements of rechargeable LIBs in terms of lifetime, 
cost, safety and charging time are now in critical demands.  
To improve the overall performance, anode material needs to be optimized as it is a key 
component of LIB. Under practical conditions, an ideal anode material should serve as an 
efficient reducing agent, deliver high energy output, have good conductivity and stability with 
electrolyte, be easy to fabricate, and be of low cost. The safety is also a big concern necessary for 
the design of anode materials in rechargeable battery. Graphite succeeded as the first commercial 
anode material in 1991
9
 because it met all these standards to some extent. However, to date the 
high performance of electronic devices requires much higher energy to run; therefore, the 
moderate capacity delivered by graphite needs to be improved. Furthermore, a much higher 
current rate for long-term cycling is essential to expand high-power LIB for the EVs’ and HEVs’ 
market. At the same time, the operating potential window should also be raised to prevent the 
over-discharge due to the large current rate. Moreover, considering the low price of graphite 
extensive research works are still needed to find high-performance anode alternatives for 





Fig 1.1 (a) Evolution of the lithium ion battery sale in the consumer electronic and HEV market; (b) HEV market 
evolution from 2005 to 2015 (Redrawn after original figures from ref 5 with permission of Elsevier).  
As the characteristics and structures of materials determine the overall properties, 
engineering conventional materials into nano-scale structures has become a hot direction to 
develop high-performance electrode materials for rechargeable LIBs. Nano-size effects are able 




 transportation, better structural 
stability and new lithium-storage mechanism.
10
 However, it usually takes non-trivial efforts to 
synthesize nanostructures and control their growing dimensions.
11
 To address this aspect, 
electrospinning, a facile and cost-effective nanotechnology that can tailor one-dimensional (1D) 
nanofiber of high aspect ratio ~ 10,000 with capability of producing on a large scale, was chosen 
in this study.
12, 13
 The unique 1D nanostructures generated are more appealing in comparison 
with other nano-architectures (0D, 2D & 3D) due to their high aspect ratio, high surface area, 





make significant differences on materials’ properties against conventional structures. Under this 
circumstance, it is beneficial to explore unique 1D nanomaterials for the application of 
rechargeable LIBs via electrospinning technique. 
1.2 Objectives  
Recently, carbonaceous 1D nanostructure, carbon nanofiber (CNF), derived from polymeric 
nanofiber prepared via electrospinning technique has attracted much research interest in the 





 and 1D nano-channel characteristic are all interesting 
merits. These unique morphological features can be combined with functional characteristics to 
make electrode materials in advanced energy conversion and storage devices. Nanoscale active 
particles can be embedded in or coated on the nanofibers to offer exceptionally high capacities. 
In order to understand the reaction mechanism and ensure the commercial value of CNF-based 
electrode materials, their long-term reliability and structural durability are necessary. Besides, 
multiscale examinations conducted at various stages of charge/discharge cyclic tests are valuable 
to provide electrochemical diagnosis of the electrodes. 
This thesis focuses on the application of the electrospun CNF-based 1D nanomaterials in 
LIB electrodes. Specifically, the studies aim in the following areas: 
 To explore the best carbonization conditions of fabricating electrospun CNFs for 
electrochemical performance. 
 To evaluate the long-term durability of electrospun CNFs under practical service 
conditions and carry out multiscale electrochemical diagnosis during charge/discharge. 
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 To investigate the mechanism of electrospun CNFs’ reversible reaction with lithium in 
rechargeable LIBs. The knowledge can enable a better understanding of 1D carbonaceous 
nanomaterials in the application as anode material. 
 To design hierarchical nanostructures based on 1D CNFs via the electrospinning 
technique or hybrid synthesis combining other methods. 
 To develop various active nanocomposites with well-balanced high capacity and power 
based on electrospun CNFs for LIB application. 
 To analyze and assess the electrochemical performance of electrospun CNF-based 
nanocomposites. 
1.3 Strategy & Rationale  
The strategy of this thesis to improve anodic properties of nanostructured materials is to 
fabricate high-power electrospun CNFs and to functionalize them with high-energy active 
nanoparticles (Fig 1.2) for both high power and high density. Cost-effective CNFs could be 
retrieved by first electrospinning polyacrylonitrile (PAN) nanofiber membranes and further 
annealing under the protection of Argon (Ar) atmosphere. They were made into electrodes with 
the combination of conductive additive (super P carbon black) and binder (Polyvinylidene 
fluoride, PVDF) for later coin-cell assembly. The bare electrospun CNFs were tested against 
Lithium metal (counter and reference electrode) in the form of half-cells. In the further 
explorations, PAN nanofibers were electrospun together with other metal salts’ precursors or 
functionalized by hydrothermal methods before the annealing process. Afterwards, metal oxide 
incorporated CNF nanocomposites could be synthesized after stabilization and carbonization. 
Finally, morphological characterizations and electrochemical analysis were performed to 
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investigate the specific nanostructures and evaluate the overall performance of as-prepared 
nanocomposites. 
 
Fig 1.2 Schematic illustration of strategies employed regarding electrospun CNFs to enhance LIB anode properties. 
The Rationales of fabricating electrospun CNFs and CNF-metal oxides nanocomposites as 
prospective anode materials for rechargeable LIBs in this project are: 
 Electrospun CNFs have higher surface area that provides easier contact with electrolyte 
and electrode leading to enhanced lithium-ion kinetics. 
 Porous surface of 1D carbonaceous nanostructures help to accommodate additional 
lithium ions during cycling. 
 Pseudo-capacitance behavior for lithium ions to be only absorbed on the surface of 
electrospun CNFs enhances the fast charge-discharge rates.  
 Electronic conductivity is enhanced due to the 1D nano-channels of electrospun CNFs. 
 For CNF nanocomposites, lithium ions can have much shortened diffusion path as they 
can diffuse along the direction perpendicular to nanofiber axis. 
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 The unique 1D nanostructures of CNF can limit the self-aggregation of nanoparticles for 
incorporated metal oxides. 
1.4 Contributions & Scope  
The studies we conduct in the thesis are not only of great importance to finding a novel 
anode for the next generation LIBs, but also to helping us to better understand the practical 
cycling behavior of applying 1D carbonaceous nanomaterials as anode in LIB. We are the first to 
analyze the working principle of electrospun CNFs as anode electrode in rechargeable LIBs by 
conducting long-term cycling studies. Also for the first time, electrospun NiO/RuO2-CNFs 
incorporating binary oxides, hybrid γ-Fe2O3@CNFs and electrospun CNF-lithium titanium 
oxides nanocomposites have been reported. These results would broaden the development of 
cost-effective methods using electrospun CNFs as templates to obtain prospective anode 
materials of well-balanced high energy and power density. 
This thesis will focus on the electrospun CNF and its nanocomposites and the main goal is 
to explore prospective anode materials. As the morphological structures and electrochemical 
properties of materials are among the most concerned, the optimization of the electrospinning 
process and fabrication method will be discussed in less detail. 
Although many promising metal oxides with high capacity for LIB anode application exist, 
electrospun CNFs are only incorporated with selected candidates to conduct electrochemical 




1.5 Thesis Outline 
This thesis consists of eight chapters. Fig 1.3 shows the structure of the thesis. Chapter 1 
introduces the project’s general information, objectives and strategies. In Chapter 2, an extended 
review of the LIB system is presented, including its operating principles, terminologies, and 
developing trends. It focuses on the prospective anode materials and nanostructure design for 
high energy and power. Chapter 3 describes the materials preparation methods and 
characterization techniques applied in this study. This chapter is followed by specific results and 
discussions in Chapter 4 to Chapter 7. Chapter 4 presents a long-term cycling study of bare 
electrospun CNFs with detailed mechanism exploration. Chapter 5 discusses the effect of 
incorporating CNFs with binary metal oxides of conversion reaction mechanism with lithium. 
Chapter 6 presents a novel combination of synthesis with both electrospinning technique and 
hydrothermal method, which crystallizes γ-Fe2O3 nanoparticles on the surface of electrospun 
CNFs. Chapter 7 compares the electrochemical performances of bare lithium titanium oxide 
(Li4Ti5O12, LTO) grains and nano-LTO incorporated CNFs. Finally, Chapter 8 summarizes the 
advantages of applying CNF-based nanomaterials as prospective anode electrodes for 
rechargeable LIBs and makes suggestions for further research to better understand the reaction 
mechanism of 1D nanostructure and further enhance cycling performance using electrospun 




Fig 1.3 The flow chart for the structure of the thesis. 
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Chapter 2 BACKGROUND AND LITERATURE REVIEW 
In this chapter, a brief account on rechargeable lithium ion battery (LIB) regarding its 
history, working principle, future trends, and developing challenges will be first provided. In the 
next section, a comprehensive literature survey will be mainly conducted on prospective anode 
materials, ranging from commercial products to research-based alternatives. In the third section, 
the advantages and challenges brought in by nanostructures in the development of prospective 
anode materials will be discussed. At the end of this chapter the most advanced results using 
carbon nanofiber (CNF)-based materials as prospective anode materials for the next generation 
LIBs will be reviewed. 
2.1 Background Information 
2.1.1 Overview of Rechargeable Battery 
A battery is typically a device that converts stored chemical energy into electrical energy. 
It can be composed of one or more electrical cells, and is a type of energy accumulator. A 
rechargeable battery is one type of battery that can undergo reversible electrochemical reactions, 
which is also known as secondary battery. Similar to all electrochemical cells, a rechargeable 
battery consists of three primary functional components: cathode (an efficient oxidizing agent, 
stable in organic electrolyte, and having a higher chemical potential as positive electrode), 
electrolyte (good conductive medium for ions but electronically insulating), and anode (a 
reducing agent, having a lower chemical potential as negative electrode). During discharge, 
cathode is reduced, consuming electrons whereas anode is oxidized, producing electrons. The 
movement of electrons in certain direction along with the occurring reaction forms current flows, 
which drive the work load in the external circuit. As a rechargeable battery can also be recharged 
by external power supply, during charging the current flow and reactions occurred are in the 
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reverse direction. In this way, the material designed for rechargeable battery in comparison with 
that of primary battery, which cannot be recharged, can be reused many times at lower total cost 
with less environmental impact and more efficiency.
1-3
 The energy transferred through the 
chemical reactions only corresponds to the electron flows in the external circuit and heat 
generated due to resistance. Depending on the combination of materials used, lead-acid battery, 
nickel-cadmium (Ni-Cd) battery, nickel-metal hydride (Ni-MH) battery and lithium-ion battery 
are common examples for rechargeable batteries. In Table 2.1, characteristics of these main 
secondary batteries are compared. 
Table 2.1 Comparison of characteristics among secondary batteries. 
 Lead-acid battery Ni-Cd battery Ni-MH battery Conventional LIB 
Chemistry
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2.1.2 Rechargeable Lithium Ion Battery 
2.1.2.1 LIB History 
In recent years, LIB has become favorable in the utilization of various electronics 
(cellular phones, ipads, digital cameras and ect.)
1-5
 and has been widely explored for application 
from delicate medical devices
6
 to big transportation systems, such as Hybrid Electric Vehicles 
(HEVs), Plug-in HEVs, and Battery Electric Vehicles (BEVs). In comparison with lead-acid 
battery and Ni-Cd battery developed in 1859 and 1899, respectively, LIB has relatively a young 
history starting from the 1970s. The idea of applying lithium metal in battery technology was 
initiated in 1976 by M. S. Whittingham who used titanium sulfide and lithium as electrodes.
7
 
Lithium is the lightest metal on earth (atomic weight = 6.94 gmol
-1
; specific gravity = 0.53 gcm
-3
) 
and it is highly electro-reactive (-3.04 V vs. standard hydrogen electrode); thus its being capable 
of delivering high specific capacity, 3860 mAhg
-1




1, 3, 4, 8-10
 However, the growth of lithium dendrite during long term cycling, also known 
as Li plating behavior, was found to cause batteries to deteriorate and hinder the 
commercialization of rechargeable batteries based on lithium metal.
3, 9, 10
 Later on, graphite was 
investigated as a replacement for lithium metal to accommodate lithium reversibly
11
 and further 
studies finally led to the first commercial LIB released by Sony Co., Japan in 1991 using LiCoO2 
as cathode and specialty graphite as anode. This success symbolized the starting line for 
developing modern LIBs and encouraged extensive researches to dig more into novel materials 
and structures that could promote LIB’s electrochemical performance. In 2005, Sn-Co-C 
composites were introduced by Sony as the anode material for 2
nd
 generation LIB where the 
lithium ion storage capacity increased by 50%.
8
 More details of LIB history with the various 
aspects of electrode materials have been described in various articles, reviews and books.





2.1.2.2 Basic Thermodynamics 
From the thermodynamic viewpoint, the Gibbs free energy G refers to the “usefulness” or 
process-initiated work for a constant thermodynamic system. Whenever a reaction occurs, the 
free energy of the system decreases, which can be expressed below: 
∆𝐺0  =  −𝑛𝐹𝐸0                                   eqn. 2.1 
Where F is Faradays constant ≈ 96,485 C or sec●A per mole, n is number of electrons 
involved in stoichiometric reaction, and E
0
 is the standard potential of the cell with the specific 
reaction. The type of active materials contained in the cell determines the standard potential of 
the cell (E
0
), which can be considered as an intensity factor. The total amount of active materials 
available determines the amount of electricity produced, (nF). 
As electrochemical cells, the working principle of LIBs follows the very basic 
thermodynamics. The standard output voltage (𝐸𝑐𝑒𝑙𝑙
0 ) is determined by the difference in 
electrochemical potentials of the positive electrode (𝐸𝑝𝑜𝑠
0 ) and negative electrode (𝐸𝑛𝑒𝑔
0 ), as 
demonstrated in eqn. 2.2. 
𝐸𝑐𝑒𝑙𝑙
0 =  𝐸𝑝𝑜𝑠
0 − 𝐸𝑛𝑒𝑔
0                             eqn. 2.2 
For a general reaction, the change of free energy for a given species i defines the 
chemical potential. The actual chemical potential μi is related to another thermodynamic quantity, 
activity ai, as demonstrated below in eqn. 2.3: 
𝜇𝑖  =  𝜇𝑖
0 + 𝑅𝑇𝐼𝑛𝑎𝑖                              eqn. 2.3 
Where 𝜇𝑖
0 is the constant value of the chemical potential of species i in its standard state, 
R is the gas constant, and T is the absolute temperature. For an electrochemical cell, species in 





 The difference of chemical potential between two sides can be expressed 
below: 




                   eqn. 2.4 
Where ∆𝜇𝑖
0 equals to 𝜇𝑖
0(𝐴)  −  𝜇𝑖
0(𝐶). If the chemical difference is fully transferred to 
the electrostatic energy calculated from eqn. 2.1, the cell voltage can be obtained in the below 
equation: 






                            eqn. 2.5 
This is also known as Nernst equation, which relates the measurable cell voltage to the 
chemical difference across an electrochemical cell.
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2.1.2.3 Working Principle of Commercial LIBs 
The basic operating principle of LIBs can be presented by the schematic reaction of the 
most popular commercial LIB consisting of graphite as the anode and layered LiCoO2 as the 
cathode, as demonstrated in Fig 2.1. Charging process is presented. 
 
Fig 2.1 Schematic of basic operation principle of LIB for the charging process (Reprinted from ref 15 with 
permission of Royal Society of Chemistry). 
16 
 
As denoted in the graph, the electrode materials, LiCoO2 and graphite (C6), should first 
be driven by the external power source to initiate the electrochemical reaction. This process can 
be deemed as an initial charge loop for the battery. At the cathode side, Li
+
 ions are 
de-intercalated from the layered LiCoO2 host together with the outflow electrons drawn by the 
applied power. After travelling through the electrolyte, Li
+
 ions intercalate between the graphite 
layers at the anode side and electrons also flow in to balance the charge neutrality. In the whole 
process, Li
+
 ions flow through internal electrolyte in accordance with current flow and react with 
both materials on two sides while electrons only travel through the external circuit. In this way 
the electro-neutrality can be obtained and electric power can be stored as chemical energy inside 
the battery. Reactions are presented below: 
Cathode: 𝐿𝑖𝐶𝑜𝑂2  →  𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖
+  + 𝑥𝑒−         eqn. 2.6 
Anode:   𝐶6  + 𝑥𝐿𝑖
+  + 𝑥𝑒−  →  𝐿𝑖𝑥𝐶6                  eqn. 2.7 
Overall: 𝐿𝑖𝐶𝑜𝑂2  +  𝐶6  → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 +  𝐿𝑖𝑥𝐶6          eqn. 2.8 
During discharge, the stored chemical energy can be released and used to deliver 
electricity. All reaction directions are reversed, as expressed below: 
Cathode:  𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿 �
+
 + 𝑥𝑒−  → 𝐿𝑖𝐶𝑜𝑂2          eqn. 2.9 
Anode:   𝐿𝑖𝑥𝐶6  →  𝑥𝐿𝑖
+  + 𝑥𝑒− +  𝐶6                  eqn. 2.10 
Overall: 𝐿𝑖1−𝑥𝐶𝑜𝑂2 +  𝐿𝑖𝑥𝐶6  →  𝐿𝑖𝐶𝑜𝑂2 +  𝐶6           eqn. 2.11 
2.1.2.4 Terminologies & Half Cells 
As described above, LIBs are important medium for energy storage and transfer system. 
The energy capacity of LIB electrode materials can be evaluated by the term ‘specific energy’ or 
‘energy density’. The total amount of energy available in the cell depends upon the amount of 
active materials as demonstrated in eqn. 2.1. Energy density usually refers to the amount of 
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energy stored in a given space (i.e. Wh/L) while the specific energy of the battery is usually 
defined as energy per unit mass, i.e. in watt-hour per kilogram (Wh/kg). The value is the product 
of the cell operating voltage, V, and the electrochemical capacity of the electrodes, Ah/kg. For an 
electrode with specific mass, capacity is a popular term to assess its current output capability 
over a period of time in certain cells. Its unit can be expressed in Ah or mAh; hence, capacity per 
unit mass can be calculated in mAhg
-1
. The value of capacity per unit mass is favorable to 
determine the capability of a single material to reversibly take in lithium ions during laboratory 
researches. 
In comparison with the commercialized LIBs (which can also be called as “full cells”) for 
industrial-scale production, “half cells”, which use a single active material as positive electrode 
and lithium metal as reference electrode, are more precise to test the electrochemical capability 
and easier to conduct analysis. As lithium is used as counter electrodes in half cells, the test 
material M always serves as “cathode” electrode and reactions for the “cathode” side can be 
described in the following equations. 
Charging: 𝑀 →  𝐿𝑖−𝑛𝑀 + 𝑛𝐿𝑖
+  + 𝑛𝑒−             eqn. 2.12 
Discharging: 𝐿𝑖−𝑛𝑀 + 𝑛𝐿𝑖
+  + 𝑛𝑒−  →  M           eqn. 2.13 
Through the reactions, it is clear that n mole Li
+
 ions can react for each mole of M, which 
is equivalent to n mole electrons. Therefore, the overall electrical charge per mole M of the 
reaction can be known as nF. And then, the specific theoretical capacity per mass unit for M can 
be obtained by dividing the overall electrical charge (nF) with molecular weight of M (Mw). 
After transferring the standard units to the most common unit of mAhg
-1
, the capacity per unit 
mass can be calculated easily in the equation below: 





)               eqn. 2.14 
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Apart from capacity indicating the specific energy for certain electrode material, many 
other important standards were applied to characterize the electrochemical performance of that 
material. Coulumbic efficiency, ratio of discharge capacity to charge capacity at the same 
charge-discharge cycle, is important to evaluate the recharging efficiency of a material. Capacity 
retention at n
th
 cycle means the capacity percentage retained after charge-discharge for n times, 
which is a good indicator for materials’ electrochemical stability. C-rate is another significant 
term in LIB technology, as it describes the condition of different cycling currents. 
Charge/discharge at an nC-rate means that a charge/discharge process finishes within 1/n hrs. 
Besides, working potential window for a material is also important as the range determines the 
certain chemical reactions available for LIB energy storage. 
2.1.2.5 Lithium Coin Cells 
Another advantage LIBs have is the wide variety of shapes in which the cells are 
available. A lithium coin cell is a small single cell battery among various designs for LIBs 
shaped as a squat cylinder ranging 10 to 20 mm in diameter and 1 to 5 mm in height. In 
comparison with button cells or watch cells to power small portable electronics devices including 
watches, calculators and hearing aids, lithium coin cells are generally similar in appearance but 
somewhat larger in size. Although the resistance of lithium coin cells is relatively higher than 
full-pack cells, the easy fabrication and low mass loading on electrodes make them the most 
popular style to test active materials in a small amount for laboratory measurement. As a regular 
LIB, the components of a lithium coin cell include three major parts for electrochemical cells 
(cathode, anode and electrolyte), separator (an insulator mechanical support for both electrodes 
in the cell), current collector (conductive metal foil that can enhance the current output), and 
other assembly accessories (can and cap as coin cell shells; plastic gasket to separate can and cap; 
19 
 
steel spring to improve the contact between cap and electrode). The specific illustration is 
demonstrated in Fig 2.2. 
 
Fig 2.2 illustration of lithium coin cell’s components. (Lithium metal as anode, Electrode as cathode) 
For a coin cell, electrodes with active materials (cathode side) are encountered with the 
lithium metal (anode side) separated by microporous separator. 
2.1.3 Developing Trends 
Although many techniques have been developed for LIBs, the module consisting of 
LiCoO2 and graphite still stands as a conventional but popular option for manufacturers today. 
Anode, as one main part of LIB, plays a significant role in developing the system further with its 
cycliablity sustained and safety issue well controlled.
5
 Conventional anode, graphite, can deliver 
an energy density around 300 mAhg
-1
, which is only 1/10 of lithium metal. Yet, its long life time 
up to 500 cycles and, more importantly, low cost makes it the first successful commercialized 
product in LIB history. However, the world and the technology require more energy deliverable 
through LIBs so that applications can spread from mobile phones or notebook PCs to automobile 
products used in transportation system(HEVs and BEVs). More capacity can be obtained by 
introducing new elements, such as tin (Sn) and silicon (Si). Sn and Si can alloy and de-alloy 
react with lithium, offering a specific theoretical capacity of ~ 990 and 4200 mAhg
-1
, 





 Other alternatives, such as lithium titanium oxide (LTO) and titanium 
oxide (TiO2), have brought in new crystal structures but reacted with lithium according to an 
intercalation mechanism similar to graphite. Although they carry even less lithium for energy 
storage than graphite, Coulombic efficiency, safety and charging rates are greatly improved thus 
delivering much higher power for LIBs.
17, 18
 To realize both high energy and high power of LIBs 
for real application, nanotechnology has been adopted to bring in big change. With careful 
design of Si into one-dimensional (1D) nanostructures, stable performance ~ 3193 mAhg
-1 
up to 
10 cycles has been achieved.
19
 However, large irreversible capacity loss, long-term cycling 
stability and insufficient electronic conductivity are still big problems; moreover, the high cost of 
these metals and metal oxides is another drawback in comparison with carbon-based products, 
especially the commercial graphite.  
Generally speaking, current LIBs have yet to realize their full potential, with practical 




 As the global market for LIBs 
is growing fast and estimated to reach over $25 billion by 2017 largely owing to the potential 
boom of EV/HEVs powered by LIBs,
20
 pushing forward new technological advances to achieve 
both capacity and power boost. 
2.2 LIB Materials 
The electrochemical performance of LIBs is mostly determined by electrode materials on 
cathode and anode, as well as electrolyte and separator. They help to build up reversible 
reactions with Li
+
 ions and balance the charge transfer in the cell. In order to better investigate 
LIBs, the specific electrode materials used or studied previously are of importance to be 




2.2.1 Cathode Materials 
Cathode is the key component in LIB. The most successful LIB cathode developed is still 
LiCoO2, which currently can power most of the portable electronic devices due to its high 
working potential (~ 3.7 V vs. graphite) and high gravimetric energy density (110-190 mAhg
-1
). 
However, positive electrode materials with superior electrochemical performance to LiCoO2 are 
still required due to ever increasing energy demands. The key to find more prospective cathode 
materials requires: 
(1) Readily reactive ions in the materials, e.g. a transition metal that can undergo redox 
reaction; 
(2) High free energy of reaction for materials with lithium ions regarding large amount of 
lithium per mass unit or high voltage available; 
(3) Reversible lithium insertion/extraction process with optimized structural changes over 
the entire reaction phase; 
(4) Chemical stability for cathodic redox couple in contact with electrolyte, even in the 
conditions of over-discharge and over-charge; 
(5) Good electronic conductivities that are facile for reactions; 
(6) Good ionic diffusion rate that enables fast inner transportation for lithium ions; 
(7) Relatively continuous voltage plateaus that can simplify power managements in LIB 
systems; 
(8) Low cost and environmentally benign. 
2.2.1.1 Chalcogenides 
The early studies on rechargeable LIBs originated from layered chalcogenides. Among 
various compositions, titanium sulfide, TiS2, had a well-maintained layered structure during the 
lithium extraction/insertion process, resulting in good reversibility as an initially proper cathode 
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candidate. It was also the most attractive as it was discovered the lightest, the cheapest and 
highly conductive at the time.
7, 21
 Another advantage of using titanium sulfide in advanced 
lithium batteries is the lack of phase change during its reaction with lithium. The single phase 
formed with lithium over the entire composition range could be expressed as LixTiS2 (0 ≤ x ≤ 1). 
Due to this unique characteristic, neither the growth of new phases nor massive structure 
rearrangement in host materials occur, thus enabling the lithium to move reversibly in a more 
efficient way. As demonstrated in Fig 2.3,
22
 typical galvanostatic cycle for a Li/TiS2 cell at a 
current of 10 mA/cm
2  
shows the single phase for lithium intercalation in titanium sulfide. 
 
Fig 2.3 Discharge/charge curve of Li/TiS2 at 10 mAcm
-2 
(reprinted from ref 22 with permission of Elsevier). 
The reversibility of lithium in titanium disulfide can sustain deep discharge/charge for 
close to 1,000 cycles with excess lithium anodes. Lithium ions can also diffuse at a fast rate into 
the ordered crystal lattice of titanium disulfide prepared at low temperatures below 600 °C.
23
 
Button cells using TiS2 cathode and LiAl anode for watches and some electronic devices were 
put to sale in market in 1970s by Exxon. However, the main problem for this material was the 
gradual degradation after multiple times of recharge and discharge. And another major problem 
was that its discharge voltage was relatively low ~ 2 V against lithium anode, thus bringing 
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down the overall energy capacity available. From 1990s onwards, titanium disulfide was 
gradually replaced by oxides as cathode materials in most rechargeable LIBs. However, the use 
of TiS2 remains of interest as cathode for applications in solid-state LIBs delivering high power 




Many other dichalcogenides or trichalcogenides are also electrochemically active and 
have been investigated by Whittingham.
22
 Most of them demonstrated a similar single-phase 
behavior with lithium like titanium disulfide, except some specific species including vanadium 
diselenide. It was found that the two-phase behavior for VSe2 did not affect the reversibility of 
lithium intercalation to some extent, and phases formed only differed by slight deformation 
rather than wholesale movement of anion sheets.
25
 Other chalcogenide-rich materials could have 
a high capacity, but their reaction rates and conductivity were not sufficient to undertake 
high-current pulse. This made them hard to be solely applied as cathode materials for LIBs. 
Therefore, cathode materials made of mixed components were expected to achieve high capacity 
and large current simultaneously. However, the practical applications for this kind of materials as 
cathode in LIBs are generally limited by the low output voltage. 
2.2.1.2 Layered Oxides LiMO2 
Inspired by the well-maintained layered structures of chalcogenides similar to titanium 
disulfide during lithium extraction/insertion process, oxides with the general formula LiMO2 
crystallized in layered structures were introduced by Goodenough and have been extensively 
studied. M is usually defined by transitional metal, such as Co, Ni, Mn, V, and Cr, for which M
3+
 
can be stabilized in an oxide. The advantages shared by layered transitional metal oxides are 
their high capacity, mature synthesis route and easy access to composition modification. For 
lithiated transitional metal dioxides (LiMO2) having the ordered rock salt type structure similar 
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to that of α-NaFeO2, the oxygens are in a cubic close-packed arrangement. Upon fully withdraw 
of the lithium ions from oxygen layers, the overall structure is rearranged to put oxygens in a 
hexagonal close-packing in MO2, which is distinct from the situation of single-phase 
chalcogenides. Therefore, several phases would be formed with the varying compositions of the 
material accompanied by certain degrees of distortion of the oxygen lattice. The phase changes 
would induce low reaction rates and probably poor stability, which finally affect the effective 
capacity of the material for practical application. 
LiCoO2, initially recognized by Goodenough’s research group
26
, is currently the most 
commonly used metal oxide cathode in commercial LIBs. There are many features that led to its 
success. First, the high operating voltage (~4 V) made it viable to replace lithium metal with 
graphitic carbon as anode counterpart. The strategy helped Sony to initiate the successful launch 
of commercial LIBs.
27, 28
 Secondly, LiCoO2 was of easy synthesis by conventional high 




 ions on the alternate (111) 
planes of the rock salt lattice with the O3 layered structure are demonstrated in Fig 2.4. The 




 ions in size and 
charge exhibits good electrochemical performance with high Li
+
 mobility. Thirdly, LiCoO2 has a 
good cycle life with capacity loss less than 0.1% per cycle at the starting research stage.
28
 
Despite all these advantages, the theoretical capacity of LiCoO2 ~ 274 mAhg
-1
 can be only 
realized by half in practical LIBs. This is caused by the structural and chemical instability of 
Li1-xCoO2 at deep charge (x > 0.5).
29, 30
 Excess extraction of Li
+
 (more than 0.5) from LiCoO2 
will cause dramatic structural change from a monoclinic phase to a hexagonal one at about 4.2 V. 
The transformation can lead to drastic shrinkage and cation disorder for the Li-Co arrangement. 
This fact limits the practical capacity of LiCoO2 ~ 140 mAhg
-1
 in a safe voltage window. On the 
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other hand, the excess removal of Li
+
 ions (> 0.5 per LiCoO2) can also oxidize O
2-
 ions and 
decrease O/Co ratio gradually during continuous cycling analyzed by orbital energy levels.
30-32
 
The slow oxygen/cobalt loss accompanies with a gradual reaction with the electrolyte. As a 
result, a solid electrolyte interface (SEI) layer is formed and overall impedance increases. In the 
LIB system, the formation of SEI layer occurred in the initial few cycles is essential to stabilize 
the overall reversible electrochemical reactions. However, such reaction leads to some 
irreversible capacity and affects more for anode materials. 
 
Figure 2.4 Crystal structure of layered LiCoO2. (Reprinted with permission of John Wiley & Sons, Inc. Copyright © 
2011 Wiley-VCH Verlag GmbH & Co. KGaA.)
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To increase the reversible capacity of LiCoO2, the surface of the cathode has been coated 
or modified by other inert oxides such as Al2O3, TiO2, ZnO, SiO2 and etc.
33-36
 The capacity 
increase has been observed from 140 to 200 mAhg
-1
, which correspond to an equivalent of about 
0.7 Li extracted from per LiCoO2. The surface coating effects of Al2O3 demonstrated in Fig 2.5 
at various voltage working windows indicate that the surface reaction with the electrolyte can be 
suppressed, thus improving the capacity retention.
35
 Furthermore, the limitation of LiCoO2, 
practical capacity is mainly due to the chemical instability with electrolyte at deep charge rather 
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than the structural transition. Apart from the concerns on safety due to the chemical instability of 
LiCoO2 when charged deeply, the toxicity and high cost of cobalt stands as other problems for 
using Co-rich compounds as cathode materials. Standing on this point, extensive researches have 
been conducted to layered LiMO2 oxides made of cheaper source nickel (Ni), manganese (Mn) 
or their combinations.  
 
Figure 2.5 Comparison of the cyclability data of unmodified and Al2O3-modified LiCoO2 cathodes in different 
voltage ranges. (Reprinted from ref 35 with permission of John Wiley & Sons, Inc. Copyright © 2011 Wiley-VCH 
Verlag GmbH & Co. KGaA.) 
LiNiO2 has a similar layer-structure with LiCoO2 and demonstrates higher reversible 
capacity value (> 200 mAhg
-1
) than that of LiCoO2. Besides, another advantage is that nickel is 
less expensive, less toxic and more readily available than cobalt. However, LiNiO2 has not been 
chosen as a prospective battery cathode in the pure state due to the several reasons listed below. 
First, LiNiO2 layered oxide is more difficult to prepare than LiCoO2. Even a small mixing of 
cations in its layered structure can lead to dimensional mismatch with LiCoO2, thus strongly 
affecting its over stability and its electrochemical properties.
37
 Second, layered lithium nickel 
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oxides often demonstrate an excess of nickel, which pins the NiO2 layers together. This reduces 
the lithium diffusion coefficient and cuts off the high power capacity of the material. Moreover, 
during charge state Li1-xNiO2 is thermally less stable in contact with organic solvent than 




 Besides, the working voltage of LiNiO2 
is slightly lower at ~ 3.8 V. In consequence, LiNiO2 is not a promising cathode material in its 
pure state. 
LiMnO2 of layered structures is an attractive electrode material considering its low cost, 
environmentally benign character, and high theoretical capacity of 285 mAhg
-1
. However, unlike 
LiCoO2 and LiNiO2, synthesis method at high temperatures only produces an orthorhombic 




ionic radius, which finally results in poor 
electrochemical performance.
40
 Therefore, reactions with mild thermo-conditions have been 







 Another alternative approach is to synthesize the structure at low 
temperatures by means of hydrothermal method or permanganate decomposition.
43-45
 The 
additional steps to obtain LiMnO2 layered oxides increase the production cost for the material. 
Another important issue for layered LiMnO2 is the phase transition during lithium cycling. 
Layered LiMnO2 easily converts to the thermodynamically stable spinel structural LiMn2O4, 
which results in poor cycling performance (initial capacity ~ 220 mAhg
-1 
could drop to only ~ 
130 mAhg
-1 
in the subsequent cycling). Although the transition from layer structural to spinel 
structural can be mitigated by some other methods improving the cycling stability, the capability 
to survive large current is still poor for this material. 
The advantages and disadvantages of single transition metal oxides LiMO2 have inspired 
the researches on mixed transition metal oxides to obtain higher reversible capacity for LIB 
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cathodes. Many binary or ternary transitional metal components have been proposed and studied 
to integrate the merits of layered oxides, avoid severe safety issues and simplify fabrication 
procedures. The most valuable composition discovered recently is LiCo1/3Ni1/3Mn1/3O2 among 
the component system of LiCoxNiyMnzO2 (x + y + z =1; NMC).
46-48
 The material demonstrates 
an improved discharge capacity ~ 170 mAhg
-1
 at 4.4 V cut-off with excellent cycling stability. 
Although the operating voltage is slightly lower than that of LiCoO2, the reversible capacity is 







, the thermodynamically unstable high valence ions can be suppressed by other 
elements to certain extent of charge, thus providing more capacity.  
2.2.1.3 Spinel Oxides LiM2O4 
As shown Fig 2.6, oxides with the formula LiM2O4 (M can be referred to as transitional 
metal) are crystallized in spinel structure, where the 8a tetrahedral and 16d octahedral sites of the 






 ions, respectively. The 
as-demonstrated structure permits reversible Li
+





Fig 2.6 Crystal structure of LiMn2O4. (Reprinted with permission of John Wiley & Sons, Inc. Copyright © 2011 





The spinel cathode, LiMn2O4, is currently in the center of much interest as a high-power 
LIB cathode material. In comparison with Co or Ni involved layered oxides, this Mn-based 
spinel structure takes the advantages of lower cost, environmental benefactor, and better thermal 
stability during cycling. It operates at a flat voltage plateau ~ 3.95-4.1 V with theoretical capacity 
of 148 mAhg
-1
, which is similar to that of LiCoO2. Even though its capacity is only around 80 
mAhg
-1
 under high drain rates, the stability of this material is highly appreciated due to the minor 
change of its internal resistance when it ages in lithium chemistry. However, LiMn2O4 has been 
plagued mainly by manganese dissolution into the electrolyte resulting in capacity decrease, 
especially when working temperature is elevated.
49, 50





(gets into the electrolyte) and Mn
4+ 
(stays in the compound) in the presence of 
traces of moisture that can generate HF with the LiPF6 salt. Therefore, either replacing the 
electrolyte with non-fluoride-containing salt or coating the surface of the spinel particles with 
protecting layers can minimize Mn dissolution from the spinel structure, thus improving the 
cycling stability. 
In addition to LiMn2O4, cation-substituted LiMn2-xMxO4 (M = Co, Al, and Cr) spinel 
oxides work at a higher voltage plateau ~ 5 V instead of the 4 V plateau offering a higher energy 
density for the material. However, the higher operating voltage gives rise to the safety concern 
on the chemical stability of such compositions in contact with the electrolyte ~ 4.7 V. Other 
spinel oxides, such as LiTi2O4 and LiV2O4, have also been discovered, but they either perform at 
a very low voltage (~ 1.5 V for LiTi2O4, which is not suitable for cathode material) or have poor 
capacity retention (for LiV2O4 due to the vanadium-ion migration).
32, 51
 Successful synthesis of 




2.2.1.4 Polyanionic Oxides 
Instead of being built from the close packing of oxygen atoms in layered or spinel oxides, 
polyanionic oxides are based on polyanions such as tetrahedral (XO4)
n-
 (X = P, S, Mo, V) group. 
They also contain transition metal M (M = Fe, Co, Mn, and Ni) in the form of LiyM(XO4)n. All 
polyanionic oxides have open 3D frameworks, and are favorable for Li+ migration.
52
 They also 
possess better thermal stability in comparison with conventional layered transition metal oxides 
as in the polyanionic structures oxygen atoms are strongly connected by covalent bonds, which 
enhance the overall safety for electrode and promote their applications in rechargeable LIBs.
53
 
The most intensively investigated polyanionic oxides are phosphates (LiMPO4, M = Fe, Co, Mn, 
or Ni) due to their ordered olivine structure.  
LiFePO4 is the most famous cathode due to abundant cheap raw materials, high thermal 
stability, low toxicity, and fast Li
+
 conductivity. Although its working potential is relatively 
lower ~ 3.45 V in comparison with LiCoO2, the practical capacity LiFePO4 possess can reach its 
theoretical value (ca. 160 mAhg
-1
) above the practical capacity of LiCoO2 (only 0.5 Li
+
 can be 
cycled per mole). Although the transition metal Fe is replaced with Co, Ni, and Mn can increase 
the redox potential significantly, these polyanionic phosphates suffer either from low practical 
capacity or instability with current electrolytes. LiFePO4 itself also has some drawbacks in spite 
of the advantages stated above. The low intrinsic electric conductivity and low packing density 
are two major problems for this material; however, they have been successfully mitigated by the 
strategy of carbon coating or downsizing particles for practical application. Currently, LiFePO4 
has been successfully commercialized as the next-generation cathode materials in the application 
of EVs and HEVs by several manufactures around world.
54
 In summary, LiFePO4 has been 
successfully developed inspiring further exploration on polyanionic compounds and its limited 
energy density, especially volumetric energy density, needs to be improved in future. 
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Apart from phosphate oxides, many other polyanion-containing compounds, including 
Li2MSiO4 (M = Fe, Co, Mn)
55
, LiMBO3 (M = Fe, V)
56
, LiMPO4F (M = Fe, V)
57, 58
 and LiMSO4F 
(M = Fe, V)
59
, are interesting due to their high thermal stability and good electrochemical 
stability. In Fig 2.7, long-term cycling study of LiVPO4F has demonstrated its stable and 
reversible capacity delivery at 0.92C (1C = 130 mAhg
-1
) within 800 cycles mostly running at 
~4.2 V.
60
 In this case, it is of great significance to find a facile method to fabricate target 
polyanionic cathode at low cost that provides enhanced ionic and electronic conductivities for 
real application.  
 
Fig 2.7 (a) Galvanostatic cycling profiles of LiVPO4F at 0.92C up to 1250 cycles at selected cycle numbers; (b) 




2.2.1.5 Overview for Current LIB Cathode Materials 
LiCoO2 (LCO), LiMn2O4 (LMO), LiFePO4 (LFP), and LiCo0.33Ni0.33Mn0.33O2 (NMC), 
are the most commonly used cathode materials for commercial LIBs. Their electrochemical 
characteristics, including operating potential, specific capacity, energy density, rate capability, 
life span, cost, and safety, are summarized in the Table 2.2 to give an overview of current 
cathode materials. LMO, LFP and NMC are the future alternatives for the most widely used 
LCO in portable electronics and electric transportation due to their higher rate capability, 
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enhanced stability, and lower price. LFP stands the best position for fast charge/discharge battery 
while NMC delivers the highest energy density for the whole cell. The difference will allocate 
them to different application areas. 
Table 2.2 Tables of characteristics for the most popular cathode materials in commercial LIBs. 
Specifications LCO LMO LFP NMC 
Operating Potential 
(against graphite) 













110 - 190 110 - 130 90 - 140 140 - 180 
Rate Capability
†
 1C limit 10 C cont. 40 C pulse 35 C cont. 5 C cont. 30 C pulse 
Life Span  
(cycle number #) 
500 – 1,000 500 – 1,000 1,200 – 2,000 1,000 – 2,000 
Raw Material Cost High Acceptable Low High 
Safety Acceptable Good Excellent Acceptable 
 
2.2.2 Anode Materials 
The anode material for LIBs with the highest capacity value is lithium metal itself, since 
it does not involve any other elements or structures to take up ion accommodation. However, as 
described previously, lithium metal itself suffers great safety issue due to the growth of lithium 
dendrites during charge and the problem of high cost. Although commercial graphite has solved 
these problems to some extent, it cannot totally eliminate the safety risks caused by lithium 
dendrites and only brings in a theoretical capacity of 372 mAhg
-1
. It also offers limited power 
density for LIB electrodes. The moderate performance of commercial graphite becomes more 
and more insufficient for the increasing energy/power demands of multimedia portable electronic 
devices and high-power drained HEVs/EVs. Many alternative anode materials have been 
                                                          
* The energy density refers to the value for a whole battery using certain cathode material. 
† The rate capability is evaluated by C rate: ‘limit’ means operating only at or below the given rate; ‘cont.’ means 
the capability of continuous and stable cycling at given rate; ‘pulse’ means the material can be cycled at given rate 
for a short time. 
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explored and modified to obtain enhanced-performance anode material in future. The key to find 
more prospective anode materials requires: 
(1) A stable potential plateau as close to that of lithium independent of changes in the Li 
content; 
(2) Low atomic or formula weights accommodating large amounts of lithium per mass unit 
or per volume unit; 
(3) Reversible lithium insertion/extraction process with optimized structural changes over 
the entire reaction phase; 
(4) Chemical stability and insolubility in contact with electrolyte, even in the conditions of 
over-discharge and over-charge; 
(5) Good electronic conductivities that allows for facile reaction; 
(6) Good ionic diffusion rate that enables fast inner transportation for lithium ions; 
(7) Low cost and environmentally benign. 
Below list the prospective anode material candidates in accordance with various 
compositions and mechanisms reacted with lithium. In general there are four main categories of 
reaction mechanisms in LIBs for anode materials: 1) Intercalation-based reaction; 2) 
Conversion-based reaction; 3) Alloying-based reaction; 4) conversion and alloying/de-alloying 




Figure 2.8 Classification of oxide anode materials based on the reversible Li insertion and extraction process. 
(Reprinted with permission from ref 5. Copyright © 2013, American Chemical Society)  
2.2.2.1 Carbonaceous Materials 
Carbon is generally an abundant and cheap source for LIB application. Graphite serves as 
the most commonly commercial anode material, and Li
+
 can reversibly intercalate into its lattice 
to form graphite intercalation compound (GIC) with the stoichiometry of LixC6 (0 < x < 1) for a 
theoretical capacity at 372 mAhg
-1
. However, graphite demonstrates limited rate capability.
61
 To 
make it more cost-effective many carbonaceous anode materials with various forms and 














 is calculated only based upon the intercalation mechanism of Li atom in carbon 
matrix, empirically in the compound form of LiC6. However, several carbon-based materials 
demonstrate higher capacity than this value. The extra capacity over 372 mAhg
-1
 of some 
carbonaceous material as anode candidate is related to the possible reversible reaction of lithium 
with residue hydrogen (H), structure of disordered carbons, large surface area and curled 
morphology, which are beyond the conventional knowledge of intercalation mechanism. One 
hypothesis on additional capacity is due to the residue hydrogen contents within the stacked 
graphene layers, which reversibly take in lithium ions.
66
 Another one is based on the relationship 
between d-spacing and additional storage capacity. After incorporating molecules of CNT and 
C60 to the graphene nanosheets (GNS), the average d-spacings of GNS, GNS+CNT and 
GNS+C60 gradually increase from 0.365 to 0.40 nm, regardless of the stacking layer numbers. 
This is due to the presence of the π-electron system in the interacting molecules of CNT and C60. 




Table 2.3 below lists the initial, reversible and irreversible capacity corresponding to 
different carbonaceous material with degree of graphitization and d-spacing value. With the 
increase of graphitization degree, the d-spacing of soft carbon in comparison with that of hard 
carbon tends to be closer to the value of nature graphite (0.335 nm) accompanying a decrease in 
initial discharge capacity, as well as the reversible capacity. This coincides with the second 
hypothesis that large d-spacing is capable of providing additional accommodation sites for 
lithium ions to intercalate/extract. Besides, carbonaceous materials of low graphitization degree, 
such as CNT, graphene, and CNF, seemingly deliver much higher capacity than graphite’s 
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theoretical capacity in the initial discharge; however, they also demonstrate high irreversible 
capacity in the following cycles. 
In terms of the power, graphene of few layers demonstrated a good rate capacity of ~450 
mAhg
-1




 Electrospun CNFs were found to be capable 
of reversibly taking in more Li
+
 than commercial graphite with capacity over 372 mAhg
-1
. 
Lithium can not only reversibly intercalate with CNFs but also be absorbed on their surface. The 
diffusion pathway for electrospun CNFs is shortened due to 1D nanostructure, so high rate 
capability (power) can be achieved.
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 At a high current rate of 900 mAg
-1
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2.2.2.2 Metal Oxides Based on Intercalation/De-intercalation Reaction 
By definition, the intercalation mechanism allows Li ions fill into the host’s crystal lattice 
without destroying the structure. Therefore, the metal oxide compounds reacting based upon 
such mechanism should be crystalline available providing vacant sites and diffusion channels. 
Containing transitional metals in oxides that exhibit one or more valence states would facilitate 
Li ions’ intercalation, which is also considered an indispensable condition for the above reaction.  
1. Ti-based anodes 
Titanium based anodes are generally oxides, including titanium oxides and lithium 
intercalated titanium oxides, both reacting with lithium in an intercalation mechanism. 
Upon intercalation of Li ion, Ti
4+
 can be reduced to Ti
3+
 to balance the charge neutrality 
in the whole host compound. 
Titanium Dioxide (TiO2) is attractive as anode candidate for rechargeable LIBs because 
of low cost, easy synthesis, and environmental friendliness. The theoretical capacity of 
TiO2 is 335 mAhg
-1
 (calculated based on the ratio of 1 Li per TiO2) from 1.0 V to the 3.0 
V vs. Li. Yet, normal bulk (microcrystalline) TiO2 demonstrate a Li insertion from 
Li-poor phase, Li0.01(TiO2), to a Li-rich phase, Li0.6(TiO2), delivering a capacity of ~175 
mAhg
-1
 with ~0.5 mole of Li cyclable; the theoretical value can only be achieved when 
particle size has been decreased to nanosize regime, which changes the reactivity 
schematics with Li and extent of Li cycling to obtain high capacity.  Therefore, 
nano-TiO2 along with different morphologies, for example, nanorod, nanotube, nanofiber, 
and reticular structure, have been extensively studied and the mechanisms of Li-cycling 
in TiO2 have been revealed according to its four distinguished phases, anatase TiO2, rutile 
TiO2, brookite TiO2 and TiO2-B. TiO2 demonstrates discharge/charge plateau since it is 
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of two-phase reaction for Li-cycling in TiO2. Currently, TiO2 can be rechargeable up to 
1C rate for 100 cycles with good capacity retention > 200 mAhg
-1






Fig 2.9 Rutile and anatase crystal structures of TiO2. (Reprinted with permission of Elsevier)
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Li4Ti5O12: Lithium Titanium Oxide, LTO, is a significant anode candidate of high 
stability and high power. It shows outstanding Li cycling properties and high power 
capability of this anodic candidate. Li4Ti5O12 can accommodate three Li per mole 
formula corresponding to a theoretical capacity of 175 mAhg
-1
. Typical for LTO, almost 
no hysteresis can be observed during cycling around the Li cycling plateau ~1.5 V vs. Li. 
Its voltage against various cathode materials and commercial graphite (C) is shown in Fig 
2.10. It was found that Li cycling only involves a negligible volume change around 0.2 % 
accompanied with a slight change of lattice axis in the cubic structure; hence, LTO is 
deemed as a “zero-strain” material offering excellent cyclic stability, which is ideally 
suitable as an anode for LIBs. The high working potential around 1.5 V also avoids the 
safety problem of battery short circuit by the formation of lithium dendrites. On the other 
hand, this high voltage against Li/Li
+
 lowers the practical voltage output in the real LIB 
application, thus leading to a reduced energy density in comparison with commercial 
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graphite. Another disadvantage for LTO is that its capacity is only half of that achieved 
by graphite even if it fully realizes the theoretical value. The major issue that restricts its 





all these difficulties, several strategies have been performed to overcome the demerits it 
takes. By nano-sizing LTO grains, coating carbon layers or doping other metals, it was 





 These results confirmed LTO among the most prospective anode materials, 
especially in the high-power application for EVs and HEVs. 
 
Fig 2.10 Voltage of a spinel lithium titanium oxide anode against various cathode materials and commercial graphite 
(C). (L333 is short for Li1.1Ni0.3Co0.3Mn0.3O2. Reprinted with permission of Elsevier)
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2. Other binary oxides 
Niobium Pentoxide (Nb2O5) is an n-type transition metal oxide semiconductor, whose 
properties depend on the oxygen stoichiometry. It is another prospective anode other than 
graphite and Ti-based oxides that can intercalate with lithium. Among all crystal 
structures it exists, the tetragonal (T) and monoclinic (M) are found to be favorable to 
take Li cycling and deliver high capacity. Similar to LTO, Nb2O5 has been considered to 
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be promising owing to the considerable safety advantage but presents a high working 
voltage vs. Li
+
/Li ~ 2.0 V. A reversible capacity around 228 mAhg
-1
 can be achieved by 
Nb2O5 nanofiber/nuggets prepared by electrospinning at a current rate of 400 mAhg
-1 




Molybdenum oxides also react with lithium based upon intercalation/de-intercalation 
mechanism. Associated with multiple valence states, they are attractive lithium host due 
to low electrical resistivity, good stability and affordable cost. However, in bulk state 
they demonstrate limited electrochemical activity due to the intrinsic slow kinetics and 
electrode pulverization. MoO3 is a well-known lithium insertion compound with a high 
theoretical capacity (1117 mAhg
-1
), which has been given much attention recently. 
However, such high capacity reversible cycling was not stable during cycling until 
crystalline MoO3 nanoparticles have been fabricated.
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 At high rate around 2C, the 
reversible capacity can be kept ~ 500 mAhg
-1
. MoO2 has a distort rutile structure and it is 
of low electronic resistivity due to electronic band structure. The theoretical capacity 
calculated for MoO2 is ~840 mAhg
-1
 for 4 cyclable Li per MoO2 by conversion reaction. 
The best result for its rate capacity found so far was obtained from carbon-coated MoO2 
nanospheres. They demonstrate an initial reversible capacity ~ 570 mAhg
-1
 at 1 C rate in 




2.2.2.3 Metal Oxide Anode Based on Conversion Reaction 
The reversible Li-reaction with transitional metal oxides, MO (M = Co, Cu, Ni and Fe), 
reported by Poizot et al. in 2000 represents a heterogeneous conversion reaction mechanism.
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The reaction mechanism is quite different involving the formation of Li2O along with the 
reduction towards metal nanoparticles, as described in Eqn 2. 15 below: 
MO + 2 Li
+
 + 2 e
-
 ↔ M + Li2O                                    Eqn 2. 15 
Although Li2O is normally electrochemically inert, the ‘in-situ’ electrochemically formed 
nanoparticles can help it participate in reactions during cycling. The schematic change during 
first cycling is shown in Fig 2.11. Besides the binary metal oxides, ternary oxides based on such 
mechanism have also been explored as prospective candidates for LIB anodes. 
 
Fig 2.11 Schematic representation of conversion reaction mechanism occurring during cycling in LIBs. (Reprinted 
with permission of Nature Publishing Group)
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1. MnO & MnO2: Manganese oxides are favored as prospective anode attributed to 
their advantages of earth-abundance, low cost, high theoretical capacity and 
environmentally benign property. Initial electrochemical studies on MnO were not 
encouraging due to capacity fading after cycling for 25 cycles.
77
 MnO also has quite a 
big voltage hysteresis during Li cycling. Its theoretical capacity is 755 mAhg
-1
, and 
recent study has obtained reversible capacity ~ 650 mAhg
-1
 with very good rate 
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capacity up to 2.7 C
78
; MnO2 can exist in various stoichiometries and only the β phase 
adopts the rutile structure. Reversible capacity is generally fading possibly due to the 
intrinsic nature of the material; Mn3O4 spinel structure, at low current rate (30 mAg
-1
; 
0.25 C) reversible capacity can be obtained at ~800 mAhg
-1
 while the reversible value 
reached ~640 mAhg
-1
 and ~500 mAhg
-1
 at 2.5 and 10 C, respectively.
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2. Fe2O3 & Fe3O4: Iron oxides are appealing in the application as LIB anodes due to the 
highest theoretical capacity among 3d-transitional metal oxides. The problem for this 
bulk metal oxide serial is the continuous capacity fading during cycling due to the 
poor conductivity, irreversible structure development, and possible moisture involved 
during synthesis. Therefore, the capacity degradation can be solved by redesigning 
the structures of iron oxide or incorporating conductive additives with careful 
preparation. In the nature condition Fe3O4 appears in mineral as magnetite with an 
inverse spinel structure. The advantages of low cost, good environmental friendliness, 
and high theoretical capacity (928 mAhg
-1
), have attracted great research interest. 







 α-Fe2O3 crystallizes in the hexagonal corundum structure and appears as the 
mineral hematite naturally. Its high theoretical capacity ~ 1005 mAhg
-1
 is about three 
times the capacity value of commercial graphite. Close to theoretical value ~1000 
mAhg
-1
 can be achieved for 100 cycles at a current rate of 0.2 C (1C = 1Ag
-1
), which 
is among the highest capacities achieved by conversion reactions. It has a lithium ion 
uptake voltage plateau ~1.0 V during discharge, shown in Fig 2.12. For comparison 




Fig 2.12 A voltage profile of Fe2O3 vs. Li/Li
+
 at different cycles. (Reprinted with permission of Royal Society of 
Chemistry)
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3. Cobalt based oxides: Although cobalt is costly and not environmental friendly, its 
usage in cathode materials for LiCoO2 is still popular in the current LIB manufacture. 
Cobalt oxides, CoO and Co3O4, have also been explored as potential alternative for 
LIB application. The theoretical capacity for CoO is 715 mAhg
-1
. With a parallel 
comparison for divalent oxides
76
, CoO demonstrated better cycling stability than FeO 
and NiO. Although the material tends to have fading capacity during cycling, the 
incorporation of nano-sized CoO with graphene made the improvement to a large 
extent, helping CoO to deliver a stable capacity with 93% retention for more than 500 




 In comparison with CoO, Co3O4, with the 




4. NiO: It has a theoretical capacity ~720 mAhg-1, has been proposed by the group of 
Tarascon in 2000.
76
 The drawback for this material is the slow degradation during Li 





, NiO nanosheets grown on nanoflowers
84
, self-assembled sandwich-like 
NiO film
85
 and NiO nanoflakes
86
. The incorporation of NiO nanoplates with graphene 
exhibited best electrochemical performance of capacity ~750 mAhg
-1
 with a retention 





5. Cu2O and CuO: Copper oxides are very interesting materials as anode candidate 
with conversion reaction mechanism, since they are not only cheap but also 
environmental friendly with acceptable theoretical capacities at 375 and 674 mA·h 
g
−1
, respectively. The particle size of copper oxides had significant impact in 
providing stable electrochemical performance.
76, 88, 89
 Combining conductive 
components also could enhance the overall electrochemical performance for the 
material. CuO/CNT nanocomposites demonstrated a stable capacity of 650 mAhg
-1
 
with only 1 % loss during 100 cycles at 0.1 C discharge/charge rate.
90




6. Ruthenium dioxide (RuO2), which is a representative transition metal oxide with 
rutile structure, can involve a conversion reaction to obtain high Li storage of 1100 
mAhg
-1
 with an exceptional high Coulombic efficiency over 98% during the first 
cycle.
91
 The materials also demonstrate low electrical resistance, but it is limited in 
real application due to its high price. Studies on the rate capacity for this material are 
not sufficient due to current reports. 
7. Ternary oxides: They involve ‘conversion reaction’ contains at least one transitional 
metal ion and other metal ions to form various crystal structures such as spinel, 
scheelite, brannerite, brownmillerite, and CaFe2O4-type. The inactive metal ions or 
their oxides would act as matrix as with Li2O during Li cycling. In comparison with 
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binary oxides, the long-term stability and C-rate capability can be improved 
depending on the structure, morphology and metal ions. Interesting examples include 
spinel structures MCo2O4 (M = Ni, Mn, Fe, Cu, or Mg), MFe2O4 (M = Co, Ni, or Cu), 
CoMn2O4, and other complex structures CaFe2O4, MC2O4 (M = Fe, Co). 
2.2.2.4 Anode Materials Based on Alloying/De-alloying Reaction 
Many elements or metals, including Si, Ge, Sn, Pb, Zn, Cd, Al, In, Sb and Bi, can 
reversibly form alloys with Li. Thus, the alloying/de-alloying reaction can contribute to capacity 
as anode material for LIBs. Due to the large amount of Li (x per mole M to form alloy LixM) 
absorbable by these elements their capacities are quite high. However, the major problem for this 
mechanism is the well-known large volume expansion-contraction during charge-discharge, 
which induces disintegration of the electrodes leading to fast capacity fading with on-going 
cycles. The proportional volumetric changes upon fully charge for several metals are 
demonstrated in Fig 2.13. Selected materials based upon this reaction mechanism are further 
discussed below. 
 
Fig 2.13 Volumes (standardized for 1 mol Li storage capacity) of these anode materials before and after lithiation. 
(Reprinted with permission of Elsevier)
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1. Tin, Sn, demonstrates a high theoretical capacity of ~ 994 mAhg-1for the formation of 





Yet, the high capacity value did not make the single metal tin successful for commercial 
market due to its large initial capacity loss and poor cycling stability. The capacity fading 
is mainly attributed to the large volumetric change during cycling. Therefore, mixing tin 
metal with other elements have been tried to improve the overall performance. Sn/Co/C 
composites were developed and proposed by Sony in 2005 as second-generation LIB 
anode.
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 Other approaches that can mitigate the capacity fading during cycling include 
applying nanostructures for materials or coating buffer layers on the surface to alleviate 
the mechanical strain developed by volumetric change. Previously nanostructured Sn@C 




 and this 
value can be enhanced to around 700 mAhg
-1
 even at a high rate cycling at 20C by a 




Tin oxides, SnO and SnO2, demonstrated better Li cycling performances than pure tin 
(Sn), due to the presence of electrochemically formed amorphous or nano-Li2O. However, 
as they react with Li to format Sn metal during the initial discharge which is irreversible 
in further cycling, both of them deliver slightly lower theoretical reversible capacities of 
875 mAhg
-1
 (for SnO) (0.005-1.0V vs. Li) and 782 mAhg
-1
 (for SnO2) (0.005-1.0V vs. Li) 
than Sn itself. The materials also suffer from large volumetric change during Li cycling, 
in some cases up to 300 %, and this deteriorates the long-term cyclability for electrode 
materials. Many approaches have been studied to suppress or avoid the above volumetric 
change leading to electrode disintegration. Making the tin oxides into nanostructures is 
one of the options that can bring in improvement. The best rate capability reported for 
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this class of materials is ~400 mAhg
-1
 with 97% capacity retention within 50 cycles at a 







2. Si is among the most famous prospective materials with high energy. Its theoretical 
capacity calculated is the highest ever for anode material, ~ 4200 mAhg
-1
. However, its 
utilization as anode material has been suppressed mostly due to its extremely large 
volumetric expansion during lithium alloying. Thus, the cyclability of this material is 
largely limited by the mechanical stress caused in the process. The challenge of 
stabilizing the capacity has been overcome by changing the conventional bulk silicon into 
1D silicon nanowire. Currently, stable cycling of high-performance silicon nanostructures 
including nanowires
95
 and hollow spheres
96
 has been achieved. The material can be 
designed to have high initial discharge capacity ~ 2700 mAhg
-1
 with less than 1% 
capacity degradation every ten cycles. 
Silicon based oxides have the same problem of electrode disintegration due to the large 
volumetric change caused by Li alloying-dealloying reaction with Si. In comparison with 
ultrahigh theoretical capacity of silicon (~4200 mAhg
-1
), SiO2 has a relative moderate 
value of 1965 mAhg
-1
. However, the practical capacity of Si-based oxides obtained is 
much lower. This is possibly due to the formation of Li4SiO4 along with the reduction 
from SiO2 to Si, thus losing part of silicon source.
97
 In the range of 0 – 3.0 V the 
observed reversible capacity for SiO2 is only 630 mAhg
-1
 at moderate cycling rate 
whereas for SiO the value obtained is better ~720 mAhg
-1
 at the end of 50
th
 cycle in the 
voltage range of 0 – 2.0 V at a current rate of 50 mAg-1.98 
2.2.2.5 Anode Materials Based on Conversion and Alloying/de-alloying Reaction 
Apart from all reactions discussed above, an alternative mechanism combines the 
conversion and alloying/de-alloying reaction. The anode material following this mechanism has 
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Li alloying metal elements along with transitional metal oxides. During the Li cycling, both 
conversion and alloying/de-alloying reactions occur. The synergistic effect might enable larger 
and more stable reversible capacities for both metals. ZnM2O4 (M = Fe, Co, and Mn) and 
M2SnO4 (M = Co, Mn, Mg, and Zn) are typical examples for the mechanism. 
ZnCo2O4 is expected to reversibly react with 8.3 mol of lithium per mole formula based 
on conversion and alloying/de-alloying reactions, corresponding to a theoretical capacity of ~900 
mAhg
-1
. At the beginning of Li intake, the crystal structure of ZnCo2O4 is first destroyed, and Zn 
particles are formed which leads to further alloying with Li. Co and Li2O matrix are formed 
according to conversion reaction. During charge, Co can either form CoO or develop further as 
Co3O4. By using the urea combustion method, a nanosized ZnCo2O4 (~20 nm) has been realized 
with a reversible capacity near the theoretical value stable at least 60 cycles.
99
 Such observed 
long-term stability can be attributed to good cobalt “matrix” and small unit cell variation for Li 
alloying/de-alloying with Zn metal. 
In recent years, Zn2SnO4 has attracted great interests due to its high theoretical capacity 
about 1231 mAhg
-1
, corresponding to 14.4 mol Li per mole formula. The high value is led by the 
contribution of both Sn and Zn, which can alloy with lithium. However, the material usually 
exhibits continuous capacity degradation after 50 cycles, at the end of which 400 to 660 mAhg
-1
 
can only be observed. Even though the Zn2SnO4 has been made into nanowires, the fade can still 




Despite the combining benefits of Li alloy metal and transitional metal, this material 
category needs to overcome the serious issues facing either in conversion reaction or 
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alloying/de-alloying reaction. Structural reformation and volumetric change during Li cycling 
are two big problems that affect the cycling stability.  
2.2.2.6 Graphics Review for LIB Anode Materials 
The graphics (Fig 2.14) overviewed most promising anodic candidates rechargeable LIB 
in terms of capacity (portion to energy) and charge/discharge current rate (portion to power). 
 
Fig 2.14 Best capacity and C-rate obtained in reports for metal oxides and carbonaceous materials as LIB nanode. 
Various methods and nanostructures have been explored to achieve high capacity, high 
power and good electrochemical stability for battery application. From the graph, we can see that 
most metal oxides can accommodate more Li
+
 than current commercially available graphite; 
however, their rate performance has to be improved at the same time. Intercalation 
mechanism-based oxides, including TiO2, LTO and Nb2O5, and other carbonaceous materials, 
such as graphene and CNF, can secure higher current rate for charging/discharging, thus capable 
of delivering high power. Therefore, the combination of these novel materials with two 
respective advantages over graphite should be considered. Cell stability and coulumbic 
efficiency for battery should also be taken into consideration during material design. 
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2.2.3 Electrolytes & Separators 
2.2.3.1 Electrolytes 
In an electrochemical cell, electrolyte is a necessity that separates cathode and anode 
materials electronically. Generally, electrons cannot pass through the electrolyte while ions can. 
When chemical reaction occurs at the cathode consuming electrons, it also consumes ions with 
positive charge. Meanwhile, at the anode another reaction produces both electrons (through outer 
circuit) and ions (through electrolyte) feeding towards cathode to supply the overall reaction. The 
outer circuit is usually made of conductive metal wires, whereas electrolytes are either solution 
that allows ions to flow or special solids that only conduct certain ions. Therefore, without the 
separation of electrolyte materials on both sides will react directly in contact and electrons/ions 
exchange internally. In this situation, no electricity can be collected through the outer circuit 
even though it links the cathode and anode, which is known as “short-circuit”. 
To sustain the high energy density of LIBs, the choice of electrolyte is crucial. The 
criteria below are instructive to meet the requirement of LIBs’ development: 
(1) In good contact with both cathode and anode electrodes; 
(2) A stable and large electrochemical window, 0 – 5 V (or even higher) against Li, for 
electrolyte in contact with both electrode materials; 
(3) Stable over the temperature range of the cell operation; 
(4) Sufficient Li+ conductivity (> 10-4 Scm-1) to conduct Li+; 
(5) Sufficient electron conductivity (< 10-10 Scm-1) to block electron conduct through 
electrolyte; 
(6) Low cost; 
(7) Environmentally friendly or low toxic; 
(8) Help to form a passivating and stable SEI layer during cycling; 
51 
 
(9) Safe (less possible to catch fire or explode) if the battery is short-circuited. 
According to the current LIB technology, the most common LIBs use the organic 
electrolyte consisting of lithium salt (LiPF6), solvents (ethylene carbonate (EC), diethyl 
carbonate (DEC), dimethyl carbonate (DMC), or etc.) and some other additives. The recipe is 
capable to ensure stable and superior performance for electrode materials due to high Li
+
 
conductivity of LiPF6, high dielectric constant of carbonate solvent mixtures, and the stability to 
form a passivating layer. Despite these advantages, this common commercial recipe suffers from 
thermal instability with electrodes during discharge, generation of hydrofluoric acid (HF) with 
residue moisture, high viscosity, and potential safety threats. Therefore, fire retardants or high 
flash point additives are necessary to be incorporated to enhance the overall electrolyte safety. 
Although organic electrolyte currently dominates the commercial market of LIB, the 
safety issue is still very serious so that some other alternatives have been explored. Aqueous 
electrolyte has been designed for aqueous rechargeable LIB since 1994
101
, and has attracted 
increasing research interests from 2007
102
 onwards. The capability of good cycling performance, 
fast-charge characteristics and excellent safe working stage is comparable with gasoline-driven 
vehicles, as proved by recent breakthroughs.
103-105
 However, the system is limited by the narrow 
electrochemical window of water. The LIB can only perform below ~ 1.2 V against Li, which 
makes its energy density much lower than non-aqueous electrolyte based conventional LIBs. 
Another way to improve the LIB performance regarding safety problem is to use solid 
electrolyte. The famous thio-lithium superionic conductor (LISICON) in the Li2S-GeS2-P2S5 




 at 25 °C
106
, which meets the 
requirements for ionic conductivity in LIB application. This not only greatly improves the safety 
for LIB without sacrificing energy density, but also helps to build all solid-state LIBs. The 
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promising solid electrolyte is advanced, but we have to notify two points: 1. contact for solid 
electrolyte with electrodes should be further improved; 2. cost for such complex composition 
should be brought down before it can be scaled up. 
2.2.3.2 Separators 
In comparison with electrodes and electrolyte, separator is not the very fundamental part 
of an electrochemical cell. However, in the design for modern LIBs it is significantly important 
to help electrolyte separate cathode and anode electrodes physically. Only in solid-state LIBs, no 
separator is required as solid electrolyte itself separates both electrodes. Therefore, in common 
liquid electrolyte batteries separators mainly function to keep two electrodes apart and prevent 
electrical short circuits. 
A separator is generally a permeable membrane that stands between cathode and anode 
electrodes. To make it suitable for advanced LIB technology, it needs to satisfy the following 
requirements: 
(1) Chemically and electrochemically stable in contact with electrolyte and electrodes; 
(2) Good mechanical property to withstand high tension during battery construction; 
(3) High permeability to facilitate Li+ transport; 
(4) Good wettability with electrolyte; 
(5) Porosity and thickness should be optimized not to limit LIB performance; 
(6) Offer automatic thermal shutdown before LIB thermal runaway*. 
Separators for LIB are generally made of polymer. Polypropylene (PP), polyethylene 
(PE), polyvinylidene fluoride (PVDF), and polyethylene oxide (PEO) have been explored as 
polymer precursors for electrolytic separator membranes. Microporous polymer membrane, 
                                                          
* “LIB thermal runaway” refers to the situation where further increase in temperature of the Li-ion cell will lead to 
destructive results, such as cell explosion, cell inflammation, and etc.  
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non-woven fabric mat, and inorganic composite membrane are three main categories of LIB 
separator. The three types of separators are featured by the thinness, high porosity, and excellent 
thermal stability, respectively. 
Most microporous separators are based on semi-crystalline polyolefin materials. Among 
the three types of separators, they have the comprehensive superiority regarding safety, 
performance, and cost.
12
 They have a thickness below 50 μm and an average pore size below 1 
μm. In the development for high-performance LIBs, the typical thickness is 25 μm with a 
tendency towards 10 μm.107 However, the thin membrane has to withstand mechanical strength 
during cell assembly before real application; otherwise, safety risk is high for the battery 
short-circuits. Adopted by many manufacturers, PP is mostly applied as the mechanical support 
for separators with integrity up to 165 °C while PE is incorporated to prevent thermal runaway 
with its low melting point 120-130 °C. 
Non-woven separators are featured by a high porosity (60-80 %) and a large pore size 
(20-50 μm). These characteristics mainly help to support gel polymer electrolyte (GPE) in LIBs. 
There is plenty of empty space for GPE to be filled up, which provides the necessary Li
+
 
conductivity while the non-woven fabrics serve as mechanical support. In order to form 
non-woven webs, either a wet process (solution extrusion and wet-laid method) or a dry process 
(melt blow method) can be applied. Recently, electrospinning turns up as a new method to 
prepare fibrous separators for high porosities, large surface area and interconnected structures. 
Heat-treated PVDF fibrous membranes were found to have improved mechanical property and 
electrochemical performance compared with commercial Celgard 2400 separator.
108
 
The inorganic composite separators bind inorganic particles with a polymeric porous mat. 
This kind of separator has excellent wettability due to the high hydrophilicity and surface area of 
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small inorganic particles. The stability of such separators at high temperatures (100- 200 °C) is 
also enhanced as inorganic particles are mainly stable and do not shrink in such a temperature 
range. 
2.3 Nanostructures for Prospective Materials in LIBs 
Regarding both high energy and power demands required by EVs/HEVs, battery 
materials have been extensively studied considering the synthesis method, reaction conditions, 
and structural engineering. As nanotechnology emerges from 21
st
 century onwards as a 
significant tool to change our conventional understanding of materials’ property, size effects on 
the nanoscale and numerous nanostructures have attracted great interests. The arrival of 
nanomaterials brought in a new era for LIBs providing benefits in terms of capacity, power, 
cycling stability, and materials sustainability.
3
 At the same time, there are still many promises 
and challenges of using nano-sized structures as prospective material in LIBs before their 
potentiality has been fully exploited.
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2.3.1 Nanostructures at Different Dimensions 
The definition of nanostructure comes with the arrangement of an object on the nanoscale. 
There are several dimensions that can describe nanostructures differentiating between each other. 
For example, nanoparticles with a radius between 0.1 and 100 nm are described as 
“0”-dimensional (0D) structures due to appearance as a point on the macro point of view; 
nanowires and nanotubes are classified into 1D structure according to their anisotropic 
characteristics on a certain direction; lamellar systems, such as quantum wells, nanohybrids, and 
graphene, belong to 2D nanostructures as they can extend themselves on a surface concept. Apart 
from these three basic nanostructures, other forms, including integrated system that combine 
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them and hierarchical system with surface modification, are more specified and more significant 
in the real application. 
0D nanostructures, generally nanoparticles, include nano cubes, nano spheres, and 
nanodispersions. Sometimes they can exhibit anisotropic properties as well due to the 
arrangement of crystallites inside. The 0D nanostructures are the very basic form of 
nanostructures that can cluster into other “mega”-forms including nano-flowers and nano-stripes. 
They can also be the fundamental elements consisting of the higher dimensional nanostructures 
(1D or 2D). 
1D nanostructures are more likely than nanoparticles to stand aside with each other as 
their excess surface free energy is lower than 0D nanostructures. This character prevents them to 
agglomerate and improves the overall chemical stability. Another interesting point for 1D 
nanostructure is their aspect ratio (the ratio of length to width), which is usually determined by 
their length ranging from 100 nm (nanorod/nanotube) to tens of microns (nanofiber). 
Regarding 2D nanostructures, graphene is the most symbolized sample that has been 
discovered in 2004.
110
 Its uniqueness on electronic, optical, thermal and mechanical properties 
has attracted extensive studies in recent years. Other thin films at the thickness of nanoscale can 
also be viewed as 2D nanostructures, which can be deposited, coated or grown on the other 
surfaces by various methods. 
In general, these 0D, 1D and 2D structural elements have to contact with each other or 
other bulk material, form interfaces, and appear as three-dimensional nanomaterials including 




2.3.2 Advantageous Nano-effect for Lithium Ion Kinetics 
Turning the conventional bulk materials into nanosize would bring in several valuable 
benefits regarding stability, capacity, and power, as LIB active materials. 
Nanomaterials have an enhanced structural stability due to the nanoparticle size with 
radius less than the critical nucleation radius. In this case, the structural transition to 
thermodynamically unstable structures would not occur. Therefore, particles of nanosize would 
more easily accommodate structural changes during lithium insertion and extraction upon 
cycling. On the other hand, due to the small size of nanomaterial the lithium accommodation 
would usually occur only at the very surface of the particle, which not only reduces the necessity 
for Li
+
 to diffuse through long pathway but also mitigates the volumetric and lattice changes 
occurred during cycling. 
Nanomaterials can also deliver more capacity by Li cycling due to the novel 
lithium-storage mechanisms induced on nanoscale. In comparison with the bulk Li storage, Li
+
 
ions can be additionally stored on the ionic conducting side of the interface, absorbed on the 
surface of nanomaterials, or accommodated in nanopores. As studied by previous researchers, 
these novel mechanisms for high capacity can be explained as interfacial Li storage
111
, surface Li 
storage
112
 and nanopore Li storage
113
. Other than these explanations for improved capacity 
achieved by nanomaterials, new mechanism can also be mentioned based on ‘conversion’ or 
‘alloy’ mechanism for anode materials. This fact enables the development of novel 
nanostructures for the previously cyclic “unstable” materials including tin alloys and silicon so 
that their high capacity can be fully realized in real applications. 
Making materials into nanosize can boost the fast cycling behavior for the electrode in 





electrolyte to fully react with active materials can be decreased effectively, thus shortening the 
overall diffusion time and improving the reversible capacity at high current rate. This fact can be 
expressed by the following formula: τ𝑒𝑞 = 𝐿
2/2𝐷, where τeq is the mean diffusion time for Li
+
 
storage, L is the diffusion length, and D is the diffusion coefficient. D is determined by material 
composition and atomic packing style while L can be decreased by minimizing the material to 
nanosize. In this case, the power of nanomaterial would be much better than material of large 
particle size. 
2.3.3 Challenges of Nanomaterials in LIBs 
Despite all the encouraging novel effects originated from nanoscale, nanomaterials have 
their own problems due to the excess surface free energy and surface area. 
Although the excess surface free energy contributes to high electroactivity with Li
+
, it 
would also lead to low thermodynamic stability. It is much easier for nanosized particles to 
agglomerate with carbon black and binder during the fabrication of electrode, thus increasing the 
overall contact resistance and causing the performance failing. Another possible issue is that 
nanosized particles would undergo agglomeration during electrochemical cycling, which can 
lead to consequent capacity fading and affect the overall cyclic stability. 
High surface area of nanomaterials causes the over-controlled side effects for active 
materials in the cell. In this case, there exists a high risk of electrolyte decomposition between 
electrode and electrolyte, which results in low Coulombic efficiency and poor cyclability. On the 
other hand, more Li uptake is required to form SEI to stabilize the materials due to high surface 
area. Therefore, during the first cycle the formation of SEI would cause high irreversible 
capacity for nanomaterials. 
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Due to the nanostructures of active materials, they cannot be closely packed. Therefore, 
nanomaterial usually has a lower volumetric density than bulk material. This also limits the 
overall volumetric energy density. In order to balance the weight and volume at the same time 
for high energy, the packing density of nanomaterials should be considered. 
2.3.4 Strategies of Applying Nanostructures in LIBs 
Nanomaterials are favorable in terms of stable cyclability, capacity and power; however, 
their utilization in real applications is limited by over-high electroactivity and low packing 
density. Therefore, several strategies would be taken to stabilize the nano-surface. 
First of all, instead of using 0D nanoparticles nanostructures on other dimensions (1D/2D) 
can be seen as an alternative way to lower the excess surface free energy. Especially for 1D 
nanofibers, they are more stable encountering the problem of nano-aggregation. After cycling 
with Li, their 1D nanostructures can be preserved even with some extent of volumetric 
expansion.
114
 With appropriate space existing among the nanofibers, such change during cycling 
would not deteriorate the overall framework. 
Another strategy to solve the problem is to fabricate hierarchical electrode materials.
115
 
By using this method, the materials fabricated can take both the advantages of nano-size effects 
and large-scale assemblies. The former can shorten the diffusion pathway for Li
+
 and enhance 
high capacities, while the latter improve the overall thermodynamic stability. To achieve this, 
nano or micro materials assembled from lower level structures (0D → 1D → 2D) are favorable 
as one possible solution. Other solutions include protecting active nanoparticles with inactive 
nano-shells and designing active nanoparticles on 3D mixed conducting network. 
The third way is applying surface coating on the nanostructured materials.
116
 The coating 
materials determine the overall effects. By using proper surface coating the effects would be 
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remarkable to improve reversible capacity, initial capacity loss, cyclic stability, and rate capacity. 
Surface coating with conductive carbon or some oxides like Al2O3 is among the most popular in 
coating techniques. 
2.4 One-Dimensional Carbon Nanofiber 
Carbon nanofiber (CNF) is a prospective carbonaceous material that “hid behind” carbon 
fibers, which were very hot topics at the time and almost commercialized in the last decade of 
20th century. It is well-known for its unique 1D nanostructure, which can be designed to have 
superior electronic conductivity, flexible mechanical properties and high surface area.
117-119
 
Currently, its utilizations are widely being spread over numerous fields, including construction, 
nautical building, aerospace, electronics, automobiles and energy.
120
 In rechargeable LIBs, CNF 
demonstrates high performance as interesting anode material to achieve high capacity and power 
at the same time. 
Produced either from pyrolysis of organic materials or chemical vapor deposition of 
hydrocarbon gases, CNF belongs to hard carbon (non-graphitizing carbon). The appearance of 
hard carbon turns out to be typically disordered and isotropic. Their graphitization degree cannot 
be enhanced even after thermal treatment at temperatures as high as 3000 ℃. Such carbonaceous 
materials are found to present symmetrical rings in the X-ray diffraction pattern
121
, much higher 
porosity
122
, larger d-spacing at (002), more random orientations of the crystallites, and lower 
density in comparison with soft carbons. Their conductivity is comparatively low due to the 
disordered carbon embedded. These facts can be illustrated by an early but simple model by 
Franklin.
123
 However, the overall mechanical strength of the pure soft-carbon fibers is usually 
insufficient in the practical applications. On the other hand, the electrical properties of 
hard-carbon based materials can be improved via many efforts.
124-126
 In this circumstance, CNF 
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made of hard carbon would be favorable to serve as a mechanical support as well as a conductive 
carrier in applications of electrodes, sensors and catalysts. 
The properties of CNF are largely affected by the carbonization temperature, fiber 
diameter and porosity. At 600 ℃ CNF fabricated would not generate a conductance high enough 
to be detected while for temperatures higher than 600 ℃ the value increased sharply with the 
increasing temperature.
126
 CNF has much improved mechanical properties over commercial 
PAN-based fibers due to the largely reduced structural imperfections and the size effect of 
thinner diameter, as presented by using a Weibull statistical distribution.
127
 Another important 
factor that affects the performance of electrospun CNF is the porosity. The porous CNF was 
found to have more disordered non-graphitized structures than non-porous CNF.
128
 Generally, 
CNFs with higher porosity are prone to have large accessible surface area and well-developed 
pore structure, which are essential to enhance the accommodation capability for ions. 
 
Fig 2.15 Schematic of the dual function of electrospun CNF nanocomposites 
CNF not only provides 1D nano-channels that can improve the electronic transportations 
in the LIB system, but also serve as an excellent support for electrochemically active material to 
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form novel combinations. The most favorable way to incorporate functional metal or metal oxide 
is to add metal salt as ion precursor for polymeric solution in the initial step of “green nanofibers” 
preparation and then carbonize the as-prepared nanofibers under certain conditions. Various 
nanocomposites have been successfully synthesized, including CNF-Si
78









, etc. Electrospinning technique is 
essential to obtain these 1-D nanostructures in an easy way. With the incorporation of 
1D-interconnected CNF, cycling performance and rate capability of the original material can be 
improved. This is not only due to the improved conductivity and unique 1D nanostructure, but 
also because of the uniform distribution of functional materials at nanoscale on 1D 
nano-morphology. Another benefit of employing such nanostructure to combine functional 
nanomaterials is to prevent large aggregation of nanoparticles. In general, the combination of 
CNF and functional materials have dual function, through which CNF plays an important role in 
extending long cycle life and offering high conductivity while functional materials make the 
whole accommodate more Li for higher capacity. Fig 2.15 demonstrates the schematic of the 
dual function of the CNF incorporated electrode material. 
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Chapter 3 EXPERIMENTAL TECHNIQUES 
This chapter is a general overview of the methods and principles involved in materials 
synthesis, structural characterization and electrochemical test of carbon nanofiber (CNF) and 
CNF-based nanocomposites as lithium ion battery (LIB) anode. Electrospinning is the principal 
method used to fabricate one-dimensional nanofibers due to its simplicity, effectiveness and 
scalability. Afterwards hydrothermal method and thermal treatment are applied to functionalize 
and carbonize the nanofiber, respectively. Then, structural and electrochemical characterization 
will be discussed with the technique of fabricating coin cells using as-prepared active materials. 
The flowchart of experimental methodologies is shown in Fig 3.1. 
 
Fig 3.1 Flowchart of experimental methodologies. 
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3.1 Electrospinning Technique 
Electrospinning is a straightforward and facile method to produce one-dimensional (1D) 
novel structures with tunable fiber diameter on nanoscale.
1
 It can transfer numerous conventional 
materials into 1D nanostructure in an easy way. Both bare polymers and polymer composites 
with metal salt precursors are possible to be made into 1D nanofibers. After further treatment, 
other advanced materials including 1D metal oxides or CNF can be obtained. The 





 and regenerative medical treatment
5, 6
 due to the interesting 
properties of 1D nanostructure. 
The pristine schematic of the Electrospinning technique is presented in Fig 3.2. The setup 
simply consists of a syringe loading with polymeric solution, a mechanical pump that can help to 
drive the syringe at a constant rate, a high-voltage supplier, and a collector platform. During the 
electrospinning process, the polymeric solution is pumped through a small needle of the syringe 
which is linked to the voltage supplier ranging from 10-30 kV, while the ground end is linked to 
the collector platform covered with Alumina foil. The electric field between can thus create an 
electric force on the tip of the polymeric solution, and cause a “taylor cone”-shaped formation7 
due to the surface tension. When the electric force overcomes the surface tension, a jet will be 
ejected from the cone toward the collector platform. During this process, the solvent evaporates 
and solid fibers with diameter on nanoscale drop on the collector. After hours of electrospinning, 





Fig 3.2 Schematic for electrospinning setup. 
Another advantage of using electrospinning is its feasibility to tune the obtained 
nanostructure regarding shapes, dimensions, and diameters by changing the operating parameters. 
The most important parameters are based on the prepared polymeric solution and the processing 
conditions. In the previous report, all process parameters, including solution viscosity, polymer 
concentration, conductivity, surface tension, polymer molecular weight, dielectric constant, flow 
rate, collection distance, needle tip design, collector geometry, and surrounding ambient 
conditions, have great effects on the nanofiber morphology during electrospinning.
8
 
Poly(acrylonitrile) (PAN) is a unique polymer as it does not melt under normal conditions 
in spite of its thermoplastic characteristic. This makes it outstanding in keeping a fiberous 
morphology at further thermal treatment. For several decades, it has been developed to fabricate 
carbon fiber in industrial manufacturing successfully. All the above features make PAN among 
the most favorable candidates in fabricating electrospun CNFs.   
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3.1.1 Direct Electrospinning 
In the typical procedure of direct electrospinning, homogenous polymeric solution should 
first be prepared by dissolving polymer in proper organic solvents followed with vigorous 
stirring for adequate time. After the solution becomes clear and transparent, it is ready to be 
directly loaded in the syringe for electrospinning. Bare polymeric nanofibers can be obtained by 
this direct electrospinning procedure. 
3.1.2 Co-Electrospinning 
As denoted by the name “co-electrospinning”, the polymeric solution applied in this 
procedure is composed of more than neat polymer. Other additives, including metal oxide 
precursors, are mixed with polymer in organic solvent to form a homogeneous solution after 
vigorous stirring. Then, the additives together with polymeric solution are co-electrospun into 
nanofibers. In general, bare electrospun nanofibers by direct electrospinning are in white when 
collected as membrane while the color of co-electrospun nanofibers depends upon the additives 
used. For example, when Ni
2+
 ions (turning the solution to green) are mixed into polymeric 
solution and co-electrospun as nanofibers, the color of the membrane collected would be in light 
green. 
3.1.3 Hybrid Synthesis Combining Electrospinning 
Another novel strategy applied in this thesis is the hybrid synthesis combining 
electrospinning and hydrothermal method. After obtaining the bare electrospun polymeric 
nanofibers by direct electrospinning, hydrothermal method is employed to prepare unique 
nanostructures from substance crystallization in high-temperature aqueous solutions at high 
vapor pressures on the surface of 1D nanofibers. The fabrication process usually involves the use 
of aqueous solutions in a sealed environment, where high pressure (typically ranging from 1 atm 
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to 10,000 atm) is generated at high temperature (typically ranging from 100 to 300 °C). Here, the 
temperature is controlled ~ 100 °C to avoid the corrosion of polymeric nanofibers at high 
temperature. 
By applying a single hydrothermal method, various morphologies including nanospheres, 
nanocubics, nanoplates, nanorods, and nanowires, can be grown from nucleated nano-crystals 
and controlled by manipulating the solvent supersaturation, chemical of interest concentration, 
thermodynamic kinetics, and process conditions. However, nanoparticles prepared through a 
conventional hydrothermal process from bare aqueous solutions tend to aggregate due to the 
excess surface free energy. By using electrospun nanofiber as template, the as-synthesized 
nanoparticles can be better distributed on 1D nanostructure to provide more distinguished 
properties. The aggregation of nanoparticles is greatly suppressed by using this strategy of hybrid 
synthesis taking the advantage of electrospinning. 
3.2 Thermal Treatment 
After obtaining PAN nanofibers from electrospinning technique or further functionalized 
nanofibers after hydrolysis, thermal treatment is required to transform them into CNFs or 
CNF-based materials. The procedure includes two steps: 1) stabilization; 2) carbonization. 
3.2.1 Stabilization 
Stabilization process is the first and significant step for the conversion from PAN nanofiber 
to CNF. It is carried out under ambient conditions at a temperature range from 200 to 350 °C for 
more than one hour. At this process, various complex reactions including cyclization, 
dehydrogenation, aromatization, crosslinking and oxidation occur. The prominent functional C≡
N bonds are converted to C=N bonds with an aromatic cyclized ladder structure. The newly 
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formed structure is more stable as the process “stabilization” is named. At the same time, -CH2 
and C≡N disappear while C=C, C=N and =C-H form accompanied by the color change of 
precursor fibers. Previous research shows that the optimized stabilization can help to keep 
fiberous morphologies and improve the mechanical property of CNFs produced afterwards. Low 
stabilization temperature leads to slow reaction rate and incomplete transformation while high 
temperature can melt the fiber or even burn the fiber precursors.
9
 As a result of stabilization at 
higher temperature, the stabilized nanofibers’ crystal size decreases.10 
3.2.2 Carbonization 
Carbonization is the following process after stabilization which finally produces CNF. The 
carbonization temperature and holding time are the major parameters that largely affect CNF’s 
production ratio, basic properties and application value.
11-13
 In this process, the stabilized 
nanofibers are usually loaded in crucibles and put inside a tube furnace under the protection of 
inert gas, such as Argon or Nitrogen. The carbonization temperature can range from 600 to 
3000 °C depending on the kind of CNFs required. 
3.3 Structural Characterization 
3.3.1 Scanning Electronic Microscope 
(a) Principle 
A scanning electronic microscope (SEM) is kind of electron microscope that uses a focused 
beam of high-energy electrons to produce sample images by scanning. The signals originated 
from electron-sample interactions can be detected and calibrated by the overall system to reveal 
information on sample’s surface topography, chemical composition, and material orientation. 
Theoretically speaking, SEM can achieve a better resolution than 1 nm; however, the practical 
resolution depends upon the condition of certain device. 
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The type of signals used to produce SEM images is based on secondary electrons, 
backscatter electrons, characteristic X-rays, specimen current and transmitted electrons. In the 
most common cases, the detection of SEM is based on secondary electrons emitted by inelastic 
scattering from atoms interacted with the electron beam. The number of secondary electrons is 
determined by the angle between the surface and the beam, and it correlates with the image 
displaying the sample surface. 
(b) Procedure 
Prior to take the SEM image, the sample should be cut to appropriate size in order to fit 
in the specimen loading holder. Secondly, the sample specimen should at least be conductive on 
the surface, which is supposed to avoid electrostatic charge accumulated leading to scanning 
faults or other problems. Therefore, for nonconductive samples coating the surface with 
conductive materials, such as gold or palladium, is required before doing SEM measurement. 
Thirdly, sample is usually required to be completely dry as any water molecule would change 
electrons’ movement at vacuum chamber. 
Morphological aspects are studied using a JEOL JSM-6700F field emission scanning 
electron microscope. High vacuum chamber is required to prevent the electron scattering during 
the observation, and higher scanning voltage can bring in better resolution. In our observation, 




3.3.2 X-ray Diffraction Pattern 
(a) Principle 
X-ray Diffraction (XRD) is an analytical technique widely used for the identification of 
crystalline materials.
14
 Each material produces a unique X-ray “finger-print” corresponding to its 
crystalline atomic structure. Therefore, the XRD pattern can be used uniquely to match an 
unknown material with a library of know patterns. 
To introduce the principle of this technique, X-rays are firstly generated from the interaction 
between high energy electrons and a copper target. X-ray can penetrate through the material 
surface, and be diffracted by periodic atomic structures as shown below. 
 
Fig 3.3 XRD schematic depiction. 
The diffraction occurs at different angles, which follows the Bragg’s law as demonstrated in 
eqn. 3.1, where d is the lattice spacing between two atomic planes, n is an integer known as the 
reflectance order, λ is the wavelength of the testing X-ray, and θ is the angle between the 
incident beam and normal to the reflecting crystalline plane. With the help of this equation, the 
interplanar spacing, d, can be calculated to identify the crystal structure and atomic composition 
at the same time. 
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nλ = 2d sin 𝜃,                                         eqn. 3.1 
(b) Procedure 
Active materials are made into powders before conducting the XRD measurement by pestle 
and mortar. The powders are then loaded on the sample stage and put inside a diffractometer 
(Philips X’PERT PANalytical) with Cu Kα as X-ray source. After loading the sample, programs 
should be chosen to set the parameter to collect data for XRD patterns. In general, the measure 
angle is from 10 ° to 80 °. The measure time depends upon the total steps chosen and time cost 
for each step. The more time consumed for the whole measurement, the more intense the XRD 
pattern would be. 
3.3.3 Raman Spectroscopy 
(a) Principle 
Raman spectroscopy is a spectroscopic technique used to identify molecular vibrational 
modes in a material. In the context of crystals, Raman scattering deals with lattice vibrations (= 
phonons). The principle of this technique is based on the wavelength shift of incident laser light, 
which interacts with molecular vibrations, or other excitations available in the system. The shift 
in energy offers information about the vibrational modes in a material, corresponding to some 
specific chemical bonds. 
In raman spectroscopy, Raman shift is usually recorded in wavenumber which is the 
reciprocal of wavelength. As energy is inversely proportional to wavenumber, Raman shift can 









),                                      eqn 3.2 
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Δω represents the Raman shift in wavenumber, λ0 is the excitation wavelength, and λ1 is the 




As vibrational information is specific to some chemical bonds and symmetry of molecules, 
Raman spectroscopy can be widely used to identify molecule as fingerprint. This is similar to 
XRD patterns that are fingerprints to crystal structures. 
(b) Procedure 
The sample for the testing is placed under the microscope linked to computer and laser 
machine for pre-focus process for the active material. The raman spectra can be collected 
through the microscope when using the laser as incident beam source. The collected raman 
spectra can be compared with standard peak positions and relative intensity to identify the 
structure and composition of the measured material. 
3.3.4 Transmission Electron Microscope 
(a) Principle 
A transmission electronic microscope (TEM) is another powerful tool that utilizes energetic 
electrons to characterize sample’s morphology, composition and crystallographic information. 
The accelerating voltage up to 300 kV is much higher than that used in SEM. In TEM, the 
high-energy electron beam is supposed to transmit through an ultrathin specimen and interact 
with specimen as it passed. Through this process, an image can be formed from the transmitted 
electrons and detected by a sensor. 
Due to the high energy electrons applied in TEM the electron beam has a wavelength a 
million times shorter than visible light, which makes it the most powerful microscope. The 
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resolution of TEM is significantly high that it even enables the user to examine the lattice fringes 
of a crystallite or a single column of atoms, which are on the scale less than 1 nm. Such a huge 
improvement on resolution makes TEM a major analysis method in various scientific fields, 
especially physical and biological sciences. 
(b) Procedure 
As TEM requires the testing specimen to be ultrathin that can be transmitted by electrons, 
materials for measurement should be carefully prepared and loaded on the specialized copper 
mesh. A good TEM sample needs to have a maximum thickness up to 5 μm and clean surface 
without other contaminants. Following steps are suggested to make a good TEM sample: 1) 
grind the sample in agate mortar with pestle; 2) suspend the sample in a proper organic solvent to 
take an ultrasonic bath, 3) after the ultra-sonication dip an organic solution on a TEM copper 
grid; 4) dry the prepared specimen. The working environment should also be under high vacuum 
so that electrons are not affected by dust or floating particles in air. 
After preparing the specimen, the sample is loaded under the electron beams of a 
high-resolution TEM (JEOL-JEM 3010) for further measurement. The magnification of TEM 
images are tuned ~ 10,000 to find the sample particles under scope and ~ 600,000 to specify the 
crystal details of the sample material. 
3.3.5 Brunauer-Emmett-Teller Specific Surface area 
(a) Principle 
Brunauer-Emmett-Teller (BET) theory serves as the basis for an important analysis 
technique for the measurement of specific surface area via explaining the physical absorption of 
gas molecules on a solid surface. It was derived from a statistical and kinetic model on the 
79 
 
principle that increasing pressure corresponds to more mono and multi-layer absorptive build 
up.
15
 The concept of the theory is extended from the Langmuir theory on monolayer molecular 
absorption to multilayer adsorption. However, it also abides by the following hypotheses: 1) gas 
molecules are absorbed on a solid surface in layers infinitely; 2) no interaction between 
absorption layers are calculated; 3) each layer can be described by the Langmuir theory. Thus, 















,                     eqn 3.3 
where p and p0 are the equilibrium and saturation pressure of absorbates at certain temperature, 
their ratio (p/p0) is the relative pressure, vm is the gas quantity of the adsorbate as monolayer, c is 
the BET constant. The equation requires a linear plot of 
𝟏
𝒗[(𝒑𝟎/𝒑)−𝟏]
 against relative pressure. In 
this plot the monolayer adsorbed gas quantity vm and the BET constant c can be calculated. The 
total surface area Stotal can be given by eqn 3.4, where N is Avogadro’s number, s the adsorption 
cross section of the absorbing gas (16.2 Å
2
 for nitrogen), V is the molar volume of the adsorbate 




,                                           eqn 3.4 
(b) Procedure 
In our experiments, this measurement is done with the physical adsorption of nitrogen or 
helium gas at low, constant temperatures. The main characteristics of physical adsorption are low 
heats during absorption, no structural changes during measurement, multiple layers of adsorbate, 
and inhibit of physical adsorption at high temperature. Specially, we use liquid nitrogen (boiling 
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point: 77 K) for the measuring environment. The technique measures the gas uptake (adsorption) 
when increasing partial pressure and the release of gas molecule on surface (desorption) when 
partial pressure decreases. The results obtained can be output as adsorption isotherms, from 
which the specific surface area can be calculated. The results can also be used to evaluate pore 
size distribution and porosity of the material. 
3.4 Coin Cell Fabrication 
Coin cell, a small-size type and favorable LIB form in laboratory, contains several parts 
(cap, can, plastic gasket, steel spring) other than the three major battery parts (cathode electrode, 
electrolyte, anode electrode). The fabrication process usually consists of two procedures: 
electrode fabrication and cell assembly. 
3.4.1 Electrode Fabrication 
3.4.1.1 Slurry preparation 
Most active materials made for LIBs are in the form of powders so that they can not be 
directly used to measure their electrochemical performance. To make them as composite 
electrodes that are ready for cell assembly, they need to be first mixed with conductive addictive 
and binder to make the slurry that can be pasted on the current collector (copper or aluminum 
foil thick in 15 μm, Alpha Industries Co. Ltd., Japan). The slurry is usually composed of active 
material, conducting carbon (Super P, MMM Ensaco), and binder (Polyvinylidene fluroide, 
PVDF, Kynar 2801) in the weight ratio of 70:15:15. Another organic solvent, 1-methyl 




3.4.1.2 Coating & drying 
After stirring the slurry overnight, it can be ready for pasting. Then, the thick and uniform 
slurry can be coated onto an etched metal foil by the doctor blade technique. The coating 
thickness is in the range of 10~15 μm. Afterwards, the slurry coated metal foils are dried at 
80 °C in an oven for a day to evaporate all NMP. The super P mixed in composite electrode 
improves the overall conductivity while binder PVDF is used to “glue” the active material 
together with super P on metal foil. The metal foil used is to serve as current collector and 
mechanical support for active material. 
3.4.1.3 Electrode cutting 
The dried thick films (slurry coated metal foil) about 20~25 μm are then pressed by twin 
rollers (Soei Singapore Scientific Quartz Co.) at around 1500 kPa before they are cut into 
circular discs (diameter ~ 16 mm), which fits the size of circular coin cell cans. The pressing is to 
improve the good adherence of composite materials on the metal foil. In the last step, these disc 
composite electrodes are dried in vacuum to eliminate moisture and transferred to an argon-filled 
globe box (MBraun, Germany) which contains H2O and O2 both at a level of less than 1 ppm for 
coin cell assembly. 
3.4.2 Cell Assembly 
The coin cell is assembled in glove box. To make a coin cell, standard cans and caps 
together with a plastic ring are first dried and used for casing. The plastic ring is to prevent the 
contact of can with cap, which can cause short-circuit in the coin cell. In addition, a steel spring 
is weld on to the caps in advance to ensure a good contact for every component after cell 
assembly. The size of coin cell is 20 mm in diameter and 1.6 mm in thickness, which is called 
2016. In this circumstance, glass micro-fiber filter (Whatman) or polypropylene micro-porous 
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membrane (Celgard 2502) in a diameter of 18 mm is used as separator. Composite active 
electrodes and counter electrodes (usually pure Li metal to fabricate half cell) are made in a 
diameter of 16 mm so that they can be well separated after assembly. Moreover, the electrolyte 
used is 1M LiPF6 dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by 
volume, Merck Selectipur LP40). 
In the assembly process, the composite active electrode is first placed in the center of the 
standard can, which will serve as the positive side, and wetted with a few drops of electrolyte. 
Then, the electrode is fully covered with the separator which is permeable for Li
+
 but insulator to 
e
-
. The separator is further wetted by electrolyte with cathode electrode. Following this step, the 
counter disc electrode, Lithium metal (Kyokuto metal Co., Japan), is placed direct on the wetted 
separator. Then, the cap with steel spring and plastic ring are put on the top to form as the 
negative side of the cell. After pressed tightly by hand force, the whole construction is sealed 
with a mechanical press (Econo Engineering Pte. Ltd., Singapore and House Corporation, Japan) 
to form a coin cell. An exploded view of coin cell’s main components is demonstrated in Fig 3.4. 
The assembled cell are then taken out of the glove box and aged for 24 hrs in air before 
being tested by any measurement. The aging allows the electrolyte to fully percolate through 




Fig 3.4 An exploded view of coin cell’s essential parts in cell assembly. 
3.5 Electrochemical Characterization 
Electrochemical characterization is significant for analyzing the capability of active 
materials synthesized. Bitrode multiple battery tester (model SCN, Bitrode, USA) and Arbin 
Battery tester (US, BT-2043) are used to perform these measurements including cyclic 
voltammetry, galvanostatic profile, rate capacity study and galvanostatic intermittent titration 
technique. A Solartron impedance/gain-phase analyzer (model SI 1255) coupled with a 
potentiostat (SI 1268) conducts the electrochemical impedance study at room temperature with 
an ac signal amplitude of 10 mV. The impedance data are then collected and further analyzed 
using Z-view software (Version 2.2, Scribner Assoc. Inc., US). 
3.5.1 Cyclic Voltammetry 
Cyclic voltammetry (CV) is a versatile technique for acquiring qualitative information 
about electrochemical reaction. It allows us to observe the mechanism of redox and oxidation 
reactions in electrochemical cells by a constant voltage sweep rate (in mV/s or μV/s). In CV 
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measurement, the potential of the working electrode is swept at a specific slow rate (~ 50 to 100 
μV/s in our experiments) to record the resulting current. At a specific potential, the sweep is 
reversed and the potential will go back to the starting value, which forms a loop for potential 
sweep. In a complete loop including charge and discharge at a constant sweep rate, both 
oxidation and reduction peak can be observed due to electrochemistry reactions (shown in Fig 
3.5). For anodic scan, the cell is discharged and the working electrode is reduced (Li
+
 going from 
electrolyte to electrode). In the reverse scan which is cathodic, the working electrode is 
reversibly oxidized (Li
+
 moving from electrode to eletrolyte). Both reactions occur at different 
potentials, where peaks can be found. Therefore, by measuring CVs it is clear to see the main 
reaction position, and this is significant further analyzing the electrochemical mechanism of 
certain material. 
 
Fig 3.5 An example for common CV plot for LIB coin cell (Current vs. Voltage). 
3.5.2 Galvanostatic Profile 
Galvanostatic profile can be obtained through galvanostatic cycling, which is a significant 
and fundamental method for electrochemical analysis. Generally, a constant current will be 
applied to discharge/charge the cell and the voltage change is monitored as a function of time. 
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By applying the equation below, the specific capacity C during complete charge/discharge can be 
obtained: 
C = I × t /m                                                   eqn 3.5 
Where I is the constant current, t is the time for complete charge/discharge, and m is the mass of 
active materials. The cell potential (in V) is usually plotted as a function of calculated capacity C 
(in mAhg
-1
) to have a clear view of practical voltage range where most capacity is delivered. To 
explore the cyclability of material, the total capacity is plotted as a function of cycle number. 
In my research experiments galvanostatic cycling studies are mainly based on cells using 
synthesized active materials on cathode with respect to Li metal on anode, which is noted as 
half-cell in the previous chapter. The testing condition is generally at ambient temperature 
~25 °C. The testing is performed for a sufficient number of charge/discharge cycles. As Li metal 
can be seen as saturated Li
+
 reservoir, it is much easier in half cell to calibrate the total capacity 
deliverable for our synthesized active material as ascribed in eqn 3.5. The achievable value of 
synthesized material can be compared with the theoretical reversible specific capacity, which is 
helpful to understand its capability in the application as LIB electrodes. 
3.5.3 Rate Capacity Measurement 
Rate capability is an important index for the power capability of active material in the 
application of LIBs. The working stations for measurement are the same with that for 
galvanostatic profile. The only difference is that it uses different current rates for cycling at 
different cycle ranges to observe the material’s sustainability at high charge/discharge states. The 
rate can be specified in C rate, which indicates how fast the battery is charged or discharged. The 
higher the cycling rate, the fast the battery operates. For example, a battery finishes charge at nC 
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rate means the whole charge process for this battery finishes in 1/n hours. In usual conditions, 
fast cycling would decrease the battery capacity due to sloppy kinetics or materials’ bulk size. It 
is quite common to apply different cycling rates to test the materials’ overall rate capacity. 
3.5.4 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a powerful method to elucidate a range of 
both physical and electronic properties of electrochemical systems including lithium diffusion 
coefficient, adsorption mechanism, charge transfer resistance, capacitance and pore size. 
According to the EIS theory, any electrochemical cell can be illustrated by an equivalent circuit, 
which contains resistances, capacitances, inductances, and complex impedances.
16
 The 
electrochemical impedance is the response of an electrochemical cell to an applied potential. The 
frequency dependence of this impedance can reveal the underlying chemical process. In EIS 
experiments, small amplitude of ac signal is applied to an electrochemical cell and the current in 
response is read. Specifically, a small ac signal (~ 5 mV) is superimposed over a wide range of 
frequencies (10
6
 Hz to 10
-3
 Hz) at a constant dc potential (preferably at OCV where dc currents 
are minimized). In respond to different frequency, corresponding impedances form spectroscopy 
for analysis. 
In general, the EIS result is presented as Nyquist plots shown in an example below, 
consisting of two parts: the real part (Z’) along X axis and imaginary part (Z”) along Y axis. The 




 Hz regarding 
physical phenomena. The high-frequency semicircle is due to the surface layer; the region in 
between middle and high frequency is related to materials’ electronic properties; the 
middle-frequency semicircle corresponds to charge transfer; the low frequency incline line is 
caused by the solid state diffusion. If an electric circuit (Fig 3.6 upper side) can reproduce all the 
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circle and line in EIS, we can call it equivalent circuit for the certain electrochemical cell and use 
the circuit to further understand the reaction mechanism. For instance, Rb shown in Fig 3.4 
represents the cell’s bulk resistance; Rsei and Csei can be understood as resistance and capacitance 
of the solid-state interface layer on the surface of electrode; Rct and Cdl are faradic 
charge-transfer resistance and its relative double-layer capacitance; W is the Warburg impedance 
that deals with a combination of the diffusion effects of lithium on the interface. By resolving the 
Nyquist plot, all these parameters can be calculated, which makes it easier to compare between 
different systems. 
We use a Solartron impedance/gain-phase analyzer (model SI 1255) coupled with a 
potentiostat (SI 1268) to obtain Nyquist plots for coin cells. To resolve the EIS graph, Z-view 
software (Version 2.2, Scribner Assoc. Inc., US) is used to analyze. First, we have to input the Z 
file generated from the Solartron analyzer through measuring our cell. Second, presumed 
equivalent circuit for the cell can be built in the Z-view software based previous reference and 
our electrochemical experience. Third, fitting process can be performed within proper frequency 
range. Fourth, redesigning the equivalent circuit might be conducted based on the fitting results. 
We should repeat the third and four step until final result obtained within acceptable error range. 
 






3.5.5 Galvanostatic Intermittent Titration Technique 
Galvanostatic intermittent titration technique (GITT) is a facile and universal method to 
explore lithium diffusivity measurement for LIBs. This technique is reliable to determine 
chemical diffusion of lithium (DLi
+
) at various stages during LIB cycling. By applying a constant 
current pulse for a limited time period τ (usually less than 5% of total cell capacity), the cell 
voltage will reach a new value at an equilibrium potential (Eo) due to the changed amount of Li 
in the active material. Then, it is turned to rest for a long time (≥ 5h) to get to a steady potential 
(Es). The difference between Eo and Es is noted as ΔEs. According to the Fick’s second law of 
diffusion, value of DLi
+ 












)2,     (𝜏 ≪ 𝐿2/𝐷𝐿𝑖+)           eqn 3.6 
where Vm is the molar volume of the compound, MB and mB are molecular weight and mass, 
respectively, A is the total contact area between the electrolyte and electrode, and L is the 
thickness of the electrode. From this equation, DLi
+ 
can be estimated and compared at different 
stages either during charge or discharge. Higher the DLi
+ 
value, much easier it would be for Li
+
 to 
react with the active material. 
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Chapter 4 ELECTROSPUN CARBON NANOFIBERS AND THEIR LONG-TERM 
ELECTROCHEMICAL BEHAVIOR 
In this chapter, the fabrication of polymeric nanofibers and further carbonization are 
explored to produce carbon nanofibers (CNFs) by the method of direct electrospinning. 
Polyacrylonitrile (PAN) and N,N-Dimethylformamide (DMF) are common combination selected 
to give the formation of nanofiber, which can be easily transferred to carbon in the heat treatment. 
Different carbonization conditions have been considered and compared to make the optimization. 
In comparison with graphite, electrospun CNFs have demonstrated higher reversible capacity, 
longer term cycling stability and improved rate capacity. Structural characterizations of fresh 
electrodes and cycled electrodes are studied to explore the changes after cycling; lithium reaction 
mechanism of 1D nanomaterials with lithium is also analyzed with the support of cyclic 
voltammogram (CV) data. According to the electrochemical performance obtained, CNFs show 
interesting cycling performance with capacity decrease in the initial 50 cycles and rebound in the 
later 500 cycles. After the long-term cycling, volumetric expansion on nanofibers’ edge can be 
clearly observed attributing to the capacity increase. CNFs’ good electrochemical performance is 
further studied by Galvanostatic Intermittent Titration Technique (GITT) and Electrochemical 
Impedance Spectroscopy (EIS). For all samples compared in this chapter, optimized 






CNF is among high-tech forms of carbon that attract substantial interests. Researches and 
reports on CNF have grown intensively in the past decade as demonstrated in Fig 4.1. CNF has 
been well known for its unique 1D nanostructure, which can be designed to have superior 
electronic conductivity, flexible mechanical properties and high surface area.
1-3
 The structure can 
help to modify other high-capacity materials, where their crystallite size can be reduced and the 
overall electronic conductivity improved.
4
 The CNF has the other advantage of being made into 
free-standing electrodes directly by using electrospinning technique and further thermal 
treatment, and this makes them free of binders or other additives.
5
 This not only cuts down the 
cost of additives, but also simplifies electrode fabrication. Currently, electrospun CNFs 
carbonized at low temperature (< 1000 °C) are more interesting as prospective anode material 
due to higher reversible capacity and better conductivity as compared with commercial graphite 
in Table 4.1. To develop high-quality electrodes, other CNF derivatives, such as hollow CNFs
6
 
and N-doped porous CNFs
7
, have also been developed for high power applications in LIBs. In 
general, electrospun CNFs stand upon the mature characteristics of graphite taking the 
advantages of better performance, cost-effectiveness, and easy functionality. From this chapter 




Fig 4.1 Comparison of the publication number by five-year and annual count since 1995 when studies on CNF 
began (Statistics data of scientific publications on carbon nanofibers (CNF) collected via Web of Science
®
 in August 
2012).  
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, and dimethyl-formamide (DMF) 
insoluble pitch
15
. Details on electrospinning parameters and heat treatment are given in Table 
4.2. Among them, PAN-based CNF is the most commercially favorable one as it has a relative 
high yielding rate ca. 50%
16
 and the industry has developed mature technologies using PAN to 
fabricate carbon fibers many years ago.
17
 Although PAN is thermoplastic, it does not melt below 
300 °C. This special property makes it much easier for PAN to remain fibrous morphology 
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during pre-oxidation. Therefore, PAN is considered as the prior choice for making electrospun 
CNFs in this thesis. 
For real applications of electrospun CNFs in LIB, the long-term cycling ability are 
needed to reveal the mechanism of Li cycling and their potentiality. There has no detailed 
electrochemical study on low-temperature carbonized electrospun CNFs for LIB anode. As 
reported, the conductivity of electrospun CNFs carbonized at low temperature is greatly affected 
by pyrolysis temperature and duration time
18
. In this chapter, electrospun CNFs are prepared by 
direct electrospinning with PAN solution and subsequent carbonization for a prolonged time 
about 12hr. The structures and morphologies are characterized after the calcination. The CNFs’ 
electrochemical performances are later investigated for different carbonization conditions. To 
understand the electrochemical kinetics with Li, comparison has been conducted by SEM and 
TEM for electrodes before and after cycling for 550 cycles. 
Table 4.2 Parameters of the electrospinning process and later heat treatment fabricating electrospun CNF employing 
different polymers as precursor. (Dimethyl acetamide: DMAc; Distilled water: DI Water; Polystyrene: PS; 
















 DMF 8 wt.% 0.9 
250 ℃, 3hr 
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110 ± 40 
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 DMAc/AAI 20 wt.% 6.0-15.0 KV NA 400-1200 ℃ (Ar) ~600 
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4.2.1 CNF Fabrication & Structural Characterization 
Chemicals, including PAN (Mw ~150,000, 99%) and N, N-dimethylformamide (DMF, 
99%), were purchased from Sigma-Aldrich and used as received. 
8 wt.% PAN in DMF solution was prepared and stirred for 3h till homogeneously 
transparent before usage. Then it was loaded in a syringe to perform electrospinning. A high 
voltage (18 KV) was applied to the metal needle of the syringe pumping out solution at a rate of 
0.8 mLh
-1
. Uniform PAN nanofibers were collected in the form of membrane on the alumina foil 
about 12 cm away from the syringe needle. As-collected fibrous membrane was then put in a 
oven and dried at 70 °C. 
The dried membrane fibers were first processed in air at 280 °C for 2 h at a ramping rate 
of 5 °Cmin
-1
 to stabilize the product. Then they were separated into six batches, and carbonized 
at 600 °C, 800 °C, 1000 °C for 12 h in Argon, respectively. Correspondingly CNF-600, 
CNF-800 and CNF-1000 are used to symbolize the carbon nanofibers obtained, respectively. The 
fresh-prepared CNFs and cycled CNFs after long-term cycling with lithium were characterized 
by SEM, XRD, Raman spectroscopy, and TEM to determine their morphology and structure. 
The cycled electrodes were achieved by opening up coin cells, rinsing in Propylene Carbonate 
(PC) and subsequent drying. The details of the instruments and operations are given in Chapter 3, 
section 3.3.1~3.3.5.  
4.2.2 Electrochemical Characterization 
As is for typical electrochemical studies
20, 21
, the electrospun CNF was made into slurry 
and coated on copper foils to serve as electrode. The details of electrode fabrication were given 
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in Chapter 3, section 3.4.1.1~3.4.1.3 and section 3.4.2. Then the cells were cycled between the 
operation window from 0.005 to 3 V vs. Li/Li
+
 using a computer linked with Arbin Battery tester 
(US). Rate capacity studies were also conducted on the same instrument at different rates from 
0.1 Ag
-1
 to 1 Ag
-1
. To further understand the electrochemical performance, EIS was measured. 
The selected frequency is ranging from 0.18 MHz to 2 mHz. Fitting was conducted according to 
section 3.5.4. 
4.3 Results & Discussion 
4.3.1 Morphology and Structure 
SEM images of CNF fresh electrodes are demonstrated in Fig 4.2. The histograms for the 
distribution of fiber diameter are shown in the insets. From the graph, CNF-600 ranges from 210 
to 370 nm presenting an average value of 310 nm. In comparison, CNF-800 ranges from 170 to 
270 nm with an average of 210 nm while CNF-1000 ranges from 160 to 260 nm with an average 
of 200 nm. CNF-800 and CNF-1000 exhibit similar diameter values. It is consistent with the 
significant weight loss and structure change reported in the previous reference of carbon fibers 
derived from PAN carbonized at more than 700 °C.
22, 23
 This result is also consistent with 
different carbon yielding rates for electrospun CNFs carbonized at different temperature. The 
yielding rate here is the ratio of final CNFs to the oxidized PAN nanofibers: for CNF-600, 
CNF-800 and CNF-1000 the value is 46.8%, 15.2% and 4.7%, respectively. Dramatic PAN 
weight loss of nanofibers is due to the removal of all other non-carbon elements during the 
prolonged calcination duration up to 12 hours, similar to carbon fibers
24, 25
. However, at low 
temperature ~ 600 °C the non-carbonaceous removal is incomplete. Only at higher carbonization 
temperature do most non-carbon elements go off via volatilization, which makes electrospun 
CNFs smaller in diameter. This is consistent with the relatively small difference in carbon 
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yielding rate for CNF-800 and CNF-1000. Therefore, at a carbonization temperature over 800 °C 
temperature change will not make a very big difference. On the other hand, prolonged 




   
Fig 4.2 SEM images of (a) CNF-600, (b) CNF-800, (c) CNF-1000 fresh cells with histograms of fiber diameter. 
XRD, Raman spectroscopy and BET measurement have been performed to characterize 
electrospun CNFs carbonized at different conditions. In Fig 4.3 (a), XRD patterns show the 
primary peak in CNFs representing the graphitic layers around 25º (2θ) in line with (002). 
Secondary (101) and tertiary (004) peaks, also assigned to graphitic structures
26
, are 
comparatively small suggesting even for a long-term calcination graphitization is limited under 
low carbonization temperature. When the temperature goes up to 1000 °C, peaks become more 
prominent indicating a higher graphitization. Additional evidence has been provided as shown in 
Fig 4.3 (b) by Raman spectra. The peak of CNF-600 at ~1360 cm
-1
 (D peak), corresponding to 
disordered turbostratic structures, is more intense than the other one at ~1600 cm
-1
 (G peak) 
assigning to ordered graphitic structures. However, the situation is reverse for CNF-800 and 
CNF-1000. At 800 and 1000 °C more graphitic structures are developed. The ratio of ID 
(Intensity of D peak) to IG (Intensity of G peak) is used to evaluate the graphitization degree of 
certain material. Higher the ratio, lower the graphitization degree. CNF-600 presents a ratio of 
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1.11, higher than both of CNF-800 and CNF-1000, 0.96 and 0.93, respectively. In comparison 
other reference
6
, our values are relatively lower corresponding to higher graphitization possibly 
due to the longer carbonization time.  









, respectively. Another valuable data 
that can be achieved from BET measurement is the average pore diameter. For CNF-600, 
CNF-800 and CNF-1000, the value is 1.05, 1.88 and 2.16 nm, respectively. Electrospun CNFs 
obtained at high carbonization temperature have larger contact area and slightly bigger pore. 
Interestingly, the SSA of electrospun CNFs synthesized by a prolonged carbonization is much 
higher than that of other electrospun CNFs prepared during a short carbonization time or at fast 
ramping rate
6
. It indicates that changing the carbonization time for electrospun CNFs will make 
differences in nanofibers’ properties. 
 





4.3.2 Electrochemical Characterization 
As shown Fig 4.4, CVs for cell CNF-600/Li, CNF-800/Li and CNF-1000/Li in the 




 cycle are compared. During the initial discharge, 
in the range from 0.58 to 0.88 V cathodic peaks correlate with the irreversible reaction, such as 
electrolyte decomposition and SEI formation
27
. Although some differences are observed with 
different CNF sample cells, the peak ~ 0.6 V indicates a similar reaction for fresh CNFs with Li. 
At higher carbonization temperature CNF-1000 appears to have other reactions around 0.88 V 
probably because it has lower binding energy with lithium similar to pyrolysed hard carbon 
reported elsewhere
28
. The reactions occur during the initial discharge are far more complicated 
than the formation of solid passivation film including LiF, Li2CO3, LiCO2-R, lithium alkoxides 
and etc.
27, 29-31
 The strongest peak obtained by CNF-800 coincides with the galvanostatic profile 
that CNF-800 has the largest initial irreversible capacity loss (ICL) among three cells. At the 5
th
 
cycle, cathodic scans are distinguished from the initial cycle. No peak can be seen higher than 
0.2 V and all CNF samples exhibit their discharge peaks near 0 V. It indicates that mostly in the 
initial discharge electrolyte decomposition and SEI formation completed. In the further cycling 
little irreversible capacity loss for electrospun CNFs can be observed. Interestingly, anodic scans 
for electrospun CNFs synthesized under different carbonization conditions are different. 
CNF-600 has the lowest charging plateau at high voltage window, 0.5-1.0 V, while CNF-800 and 
CNF-1000 have peaks below 0.3 V. The differences in anodic peaks can be attributed to the 
variation of graphitization degree of electrospun CNFs at different carbonization temperatures. 
For both CNF-800 and CNF-1000 of higher graphitization degree, there is more hard carbon in 
the composition, thus demonstrating anodic peaks at distinguished positions in comparison with 
CNF-600. One is for sloping higher voltage region and another for a low voltage plateau near the 
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potential of lithium metal.
28
 As shown in Fig 4.4, CNF-600 exhibits the largest hysteresis among 
three samples, which is possibly due to the residue hydrogen or nitrogen content after pyrolysis
32
. 
They are expected to be reversible at the beginning and degraded slowly later with the cycling
33
; 
during charge, the 5
th
 cycle’s curve is similar to that in the 1st cycle as shown in Fig 4.4 (a).  
 
Fig 4.4 The CVs of all CNF/Li cells (a) at the 1
st
 cycle; (b) at the 5
th




Fig 4.5 Galvanostatic cycling profile and hysteresis of (a) cell CNF-600/Li, (b) cell CNF-800/Li and (c) cell 










 cycle. Operating window: 0.005-3 V; current rate: 0.1 Ag
-1
. 
The galvanostatic cycling profiles from the 1
st
 cycle to the 500
th
 cycle for cell 
CNF-600/Li, CNF-800/Li and CNF-1000/Li are presented in Fig 4.5 (a), (b) and (c), 
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respectively. CNF-600’s initial cycle curve is polarized due to the residue hydrogen and -CN 
group on nanofibers’ surface.25 A large irreversible capacity ~300 mAhg-1 can be observed at the 
plateau ~ 0.419 V corresponding to polarized surface with electrolyte. No significant capacity 
decrease is observed in later cycles. As has been reported by other reference
6
, the phenomena is 
similar to some characteristic of hydrogen on carbon, which has high initial polarization and 
slow cycling capacity decrease. The effects of irreversible electrolyte decomposition and SEI 
formation are also prominent for CNF-800 and CNF-1000, but they appear at a higher voltage 
~0.8 V, which is alike with graphite
33
. It is consistent with the fact that higher carbonization 
temperatures usually develop more graphitic structures in electrospun CNFs. The plateau 
presented by CNF-800 is larger than CNF-1000, thus offering a higher capacity. The initial fade 
of the reversible capacity for three samples is due to the remaining hydrogen on the surface of 
CNFs. They can give additional lithium accommodation, but they gradually leave the surface 
along cycling.
32, 33
 As the cycling number goes on, the overall cycling capacities increase 
continuously in the next hundred cycles, especially for CNF-800 and CNF-1000. The final fade 
of CNF-600 in capacity is due to its limited electronic conductivity
18
 leading to the cell failure 
after long-term cycling. From the cyclic profile, the absorption of Li on CNFs’ surface is 




 curves for CNF-800 and CNF-1000. This is one possible reason 
that electrospun CNFs can withstand fast charge and discharge.
34
 The results coincide with what 




Fig 4.6 (a) Capacity vs. cycle number of CNF/Li cells at a current rate of 0.1 Ag
-1
. Working potential window: 










As presented in Fig 4.6 (a) three CNFs/Li cells were cycling for more than 500 cycles at 
a current rate of 0.1 Ag
-1
, about 0.27C for commercial graphite. The initial Columbic efficiencies 
for electrospun CNFs are all lower than 50 % due to the high surface area more active with 
electrolyte and forming SEI. The CNF-800’s reversible capacity decreases from 340 mAhg-1 to 
260 mAhg
-1
 in the first 50 cycles, and later increases till 460 mAhg
-1
 at the 550
th
 cycle. In 
comparison with the initial reversible capacity, the increase is ~35%. This is consistent with 
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 cycle. CNF-600 exhibits discontinued conductivity along cycling, achieving its highest 
capacity 360 mAhg
-1
 at the 230
th
 cycle and fading to 240 mAhg
-1
 at the 550
th
 cycle.  
Studies on CNFs’ rate capacity prepared at different temperatures are shown in Fig 4.6 






 (2.7 C for graphite) among all three 
samples, CNF-800 exhibits the highest reversible capacity. Running at 1 Ag
-1
, it can still provide 
a reversible capacity at 153 mAhg
-1
. As demonstrated in Fig 4.7, comparative studies between 
PAN-carbonized powder (synthesized at 800 °C for 12 hr) and electrospun CNF-800 running at 
1 Ag
-1
 verify the importance of applying 1D nanostructure in LIB application to deliver superior 
performance. CNF-800 could offer a stable capacity delivery about 160 mAhg
-1 
for 1000 cycles 
while carbon powder derived from PAN could only survive the first 250 cycles and then quickly 




Fig 4.7 Comparison study of high rate cycling for C(PAN) powder and CNF-800. 
At high rate cycling CNF-1000 has the lowest capacity decrease. Higher capacity loss is 
observed for CNF-600, which is because of its poor conductivity. All the lithium storage 
capacity can be retrieved when the charge-discharge current turns back to 0.1 Ag
-1
. At that mild 
104 
 
current rate, longer cycling recovers CNFs’ reversible capacity. Although such trends have been 
noted for other carbon nanomaterials via several references
7, 35-37
, the exact mechanism for the 
capacity increase during long cycling has not been fully revealed. Similar phenomena of 
increasing capacity with cycle number have been found and studied for many other metal 
oxides
36, 38-40
. The metal oxides nanoparticles are highly catalytic so that they can enable the 
reversible formation of polymer species. Such an extra reaction can deliver additional capacity 
during cycling. Yet, in the case of electrospun CNFs the situation is different. No evidence of 
such gel-like polymer is observed.     
Comparison has been made for SEM images of cycled electrodes after long-term Li 
cycling up to 550 cycles. Fig 4.8 (a), (b) and (c) correspond to the cycled electrodes of CNF-600, 
CNF-800 and CNF-1000, respectively. The histograms of fiber diameter have been counted and 
exhibited in the insets. To some extent the fiber diameters increase after long-term cycling with 
Li, but they are still capable to sustain their nanofiber morphology. The CNF-600’s average 
diameter changes from 310 nm to 400 nm (range: 270-560 nm) after cycling. CNF-800 (range: 
210-390 nm) and CNF-1000 (range: 230-370 nm) grow to an average value around 270 nm at a 
similar expansion rate of 30%. Few intrinsic degradation of CNF parallel to its direction has been 
observed. The electrospun 1D nanostructure of CNF provides shorter diffusion path along the 
fiber axis for which Li
+
 intercalation/deintercalation, thus preventing large stress-strain from 
deteriorating the whole structure parallel to CNF’s direction. Therefore, electrospun CNFs’ 
stability during Li
+
 long-term cycling can be secured withholding the original nanomorphology 
with diameter expansion. 
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Fig 4.8 SEM images of (a) CNF-600, (b) CNF-800, (c) CNF-1000 cycled cells with histograms of fiber diameter. 
It is confirmed by SEM images that the increasing capacity is related to the volumetric 
expansion of CNFs during long-term Li cycling. As all carbonaceous nanostructures have 
relatively large surface area and nanoporous characteristics, they can have easier access to Li 
ions and relieve interlayer stress by volumetric expansion without deteriorating their original 
structures. Although it is difficult to statistically determine the theoretical extra capacity because 
of complexity in nano-surface and carbon composition, the increase capacity ratio observed is 
close to that of volumetric change. For selected CNF-800 fresh electrodes (Fig 4.9 (a), (b)) and 
cycled electrodes (Fig 4.9 (c), (d)), the TEM images have been taken. The original CNF-800 
demonstrates smooth surface (Fig 4.9 (a)) while the cycled CNF-800 exhibits volumetric 
expansion on the fibers’ edge (Fig 4.9 (c)). The TEM image in Fig 4.9 (b) indicates that fresh 
CNF-800 is turbostratic in the center core area with a thin graphitic layer coating on the outside. 
Such structure similar to that of carbon-coated nature graphite
41
 is favored to deliver superior 
electrochemical performance as anode. As demonstrated in Fig 4.9 (c), (d), the nanofibers 
expand on their edges. Comparison studies on CNF-800 fresh electrodes and cycled electrodes 
(Fig 4.9 (e), (f)) with XRD and Raman spectra demonstrate little structural variation and SEI 
residue, such as LiF or LiCO3 on the fiber surface. Therefore, the cyclic volume expansion can 
be possibly attributed to graphene-like layers exfoliated which increase the overall contact area 
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and create more Li accommodation. Although exfoliation of graphite was believed to destroy the 
overall structure and cause capacity fading
42
, the situation is different for nanostructure. This is 
consistent with the results presented in Fig 4.7: CNF-800 demonstrates good long-term stability, 
especially under the tough cycling conditions (1 Ag
-1
), compared with the directly carbonized 
PAN powders.  
 
Fig 4.9 (a) TEM images of fresh CNF-800; (b) HR-TEM images of fresh CNF-800; (c) TEM images of CNF-800 
after 550 cycling in cell; (d) Panoramic view of 550-cycled CNF-800; (e) Comparison graph of Raman spectra 
between fresh CNF-800 and cycled CNF-800 electrodes; (f) Comparison graph of XRD patterns between fresh 
CNF-800 and cycled CNF-800 electrodes. 
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4.3.3 Electrochemical Kinetic Studies 
Electrochemical kinetic studies are powerful and essential to evaluate the chemical 
diffusion of lithium (DLi
+
), which is helpful to better understand the mechanism. Galvanostatic 
Intermittent Titration Technique (GITT) is a reliable technique as described in Section 3.5.5. 
Briefly, apply a small constant current flux of 0.1 Ag
-1
 for a limited time period τ (1 h) and rest 
cell for a sufficient rest time (5h). The previous equilibrium potential (Eo) will reach a new 
steady-state potential (Es). The voltage change ΔEs equals the difference between Eo and Es. As 
shown in Fig 4.10 (a), the current flux and the resulting voltage profile for a single titration at 
0.15 V. The value of DLi
+ 
can be calculated in accordance with eqn 3.6. The variation of cell 
voltage at 0.15 V during the time period τ on application of current flux is plotted against √τ in 
Fig 4.10 (b). The almost straight line plot for E vs √τ is essential for the simplification toward 
eqn 3.6.
43
 Fig 4.10 (c) demonstrates the change of as-calculated DLi
+
 value for CNF-Li cells 
charged from 0.005 V to 3 V. CNFs synthesized under different carbonization conditions 
demonstrate DLi
+






comparatively much higher than that of graphite
44
. It is the 1D nanostructure that induces high 
Li
+
 diffusion rate of electrospun CNFs and benefits including short diffusion path for ions
45
. At 
the low voltage range below 0.5 V, the diffusion coefficient of Li
+
 is high and more relevant to 
the graphitization degree. Li ions are more facile to diffuse through the crystallized channels, 
mostly for electrospun CNFs at high carbonization temperatures, like CNF-1000. However, such 
effects are hypothesized to diminish at high voltage. At lower carbonization temperature more 
hydrogen or nitrogen residues may play a role to help transfer or connect Li
+
. Therefore, 
CNF-600 has higher Li+ diffusion coefficient than others. However, such hypothesis needs 
further verification of systematic GITT study on CNFs. For CNF-600 and CNF-800, the overall 
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trend of diffusion value is similar to the graphite with a little floating around 1.5 V. The highest 
DLi
+
 value achieved is 1.86 ×10-7 cm2s-1 from CNF-800 at 0.145 V, suggesting a better Li+ 
diffusion at phase transfer of the Li de-intercalation process.  
 
Fig 4.10 (a) Voltage profile for a single titration at 0.15 V at the 5
th
 charge cycle for CNF-800/Li cell. (b) Voltage 
variation for above titration plotted against τ0.5. (c) DLi
+
 vs. V plots determined by eqn 3.6 during charge cycle for 
cell CNF-600/Li, CNF-800/Li and CNF-1000/Li, respectively.  
Nyquist plots for electrospun CNF cells are presented in Fig 4.11. 1-time cycled cells, 
5-time cycled cells and long-term cycled cells have been tested, and EIS spectra have been 
collected by Solartron impedance analyzer. All cycled cells have been charged back to 3 V 
before measurement is taken out. Fig 4.11 (a) demonstrates three different curves for CNF-600. 
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The cell CNF-600/Li presents an imperfect semicircle with a resistance around 100 Ω, which 
suggests its poor electrochemical property. The first semicircle is observed in the similar 
frequency range from 18000 to 18 Hz, which indicates consistency between cycled cells. The 
result corresponds well with its sluggish electrochemical behavior previously noted by GITT and 
CV studies. After 5 cycles, the impedance increases more than three folds indicating the larger 
resistance developed in the initial cycling. In the 550
th
 cycle, the curve is showing two split 
semicircles with the second one occurring till 36 mHz. Therefore, the total resistance for the two 
circles reaches ~ 750 Ω. On the contrary, both CNF-800 and CNF-1000 exhibit lower impedance 
resistance below 80 Ω with a slightly larger single semicircle even after long-term cycling. They 
are also showing a consistency between cycled cells with semicircle occurring from 18000Hz to 
22.5 Hz. No other prominent semicircles are observed. The initial impedance increases at the 5
th
 
cycle and the semicircles for CNF-800 and CNF-1000 have not grown much after 550 cycles; it 
indicates that these two electrodes can keep good electrochemical kinetics even with volume 
expansion on CNFs’ edges. Especially for CNF-800, the long-term cycled semicircle does not 
even move in comparison with the 5
th
 cycled curve. It suggests the well-sustained contact of 





Fig 4.11 Family of Nyquist plots for the electrodes: 1
st
 cycled cells, 5
th
 cycled cells, and 550
th
 cycled cells. They are 
for (a) CNF-600, (b) CNF-800 and (c) CNF-1000, respectively.   
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4.3.4 Comparison Study 
The table below compares our experimental results with attractive anode alternatives. 
After many years’ development, the application of graphite has become mature in the LIB 
application. The latest technology demonstrates that the surface modified SNG has high 
columbic efficiency (~95.0%) and cycling stability (300 cycles) around the theoretical capacity 
of carbon, 372 mAhg
-1
. Although the capacity value can be enhanced 8 times more with 
nanostructured silicon derived from rice husk, long-term cycling and cost are still big problems 
for real application. On the other hand, graphene, CNTs, and CNFs all exhibit large irreversible 
capacity, which makes them very hard to be directly used as LIB anode in practical application. 
For a compromising option, the moderate production cost and high power retention of 
electrospun CNFs make them much more applicable for anode conductive substrates. 
Table 4.3 Parameters Commercial product: Modified Spherical Natural Graphite (SNG), Literature comparison: Si 





















 0.005–1 V 0.372 Ag-1 
1 C 





 0.01–1 V 0.84 Ag-1 
0.2 C 





 0.005–3 V 0.1 Ag-1 
0.27 C 





0.02–3.6 V 0.253 Ag-1 
0.68C 
1800 720 40.0% 720, 100% 
n= 34 
high 
C (PAN) 0.005–3 V 1 Ag-1 
2.7 C 
465 147 31.6% 115, 78% 
n= 300 
low 
CNF-600 0.005–3 V 0.1 Ag-1 
0.27 C 
514 233 45.3% 323, 139% 
n= 550 
moderate 
CNF-800 0.005–3 V 0.1 Ag-1 
0.27 C 
810 402 49.5% 456, 113% 
n= 550 
moderate 
CNF-800 0.005–3 V 1 Ag-1 
2.7 C 
243 161 66.3% 165, 102% 
n= 1000 
moderate 
CNF-1000 0.005–3 V 0.1 Ag-1 
0.27 C 







In summary, electrospun CNFs are among the prospective anode materials designed to 
meet the high power requirements in real applications. From all results demonstrated, a better 
understanding of carbonaceous 1D nanostructure can be obtained through this study. Electrospun 
CNFs, which can be produced at a relatively high rate on the nanostructure scale, have more 
stable cycling performance and higher rate capacity than commercial graphite. Optimized 
CNF-800 can deliver a reversible capacity over 400 mAhg
-1
 for more than 500 cycles at 0.27C, 
and demonstrate stable capacity of ~ 160 mAhg
-1
 at 2.68C for 1000 continuous cycles. The 
interesting capacity recovery during long-term cycling for electrospun CNFs prepared at 600 °C 
and 800 °C was noted and discussed in details. Such good electrochemical performance was 
further verified by kinetic studies on GITT and EIS. However, bare electrospun CNFs still suffer 
from low reversible capacity and high initial capacity loss. To improve the overall capacity and 
energy efficiency, functional high-capacity metal oxides will be explored based upon electrospun 
in later chapters. 
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Chapter 5 ELECTROSPUN NiO/RuO2 COMPOSITE CARBON NANOFIBERS 
In this chapter, one-dimensional (1D) CNFs mixed with nickel oxides and ruthenium 
oxides (NiO/RuO2) are synthesized via co-electrospinning polymeric mixture of polyacrylonitrile 
(PAN) with nickel and ruthenium salt precursors followed by heat treatments. Different ratios 
have been tried and compared. The combination of CNFs and NiO/RuO2 binary oxides 
(NiRu-CNF) is explored to improve the overall capacity of bare electrospun CNFs for the first 
time. The morphology and structure were characterized by SEM, XRD and BET measurements. 
The ratio of nickel and ruthenium salt precursors used is essential for the final composition that 
can be obtained. Electrochemical properties were evaluated using CV and galvanostatic profiles. 
Li-cycling studies of NiRu-CNF composites exhibit a good reversible capacity of 350 m Ahg
-1
 at 
current rate of 0.1 C (72 mAg
-1
) at the end of 40
th
 cycle in the operation voltage from 0.005 to 
3.0 V. Rate capacity study was also performed for different compositions. Composites with 
higher Ru ratio demonstrate better conductivity and capability to accommodate lithium ions. EIS 
results on NiRu-CNFs also verified the lower impedance value for the sample starting from 15 





As demonstrated in the previous chapter, electrospun CNFs are prospective anode 
materials that can deliver stable performance for real applications over 500 cycles. Their 
capability for high power requirements is superior against commercial graphite, which enables 
faster charge/discharge for LIBs. However, the capacity delivered by bare electrospun CNFs is 
still moderate in comparison with graphite. CNFs carbonized at 800 °C have optimized 
electrochemical performance regarding capacity value, power density, and long-term stability. Its 
reversible capacity over 400 mAhg
-1
 is slightly higher than the practical capacity of graphite ~ 
300 mAhg
-1
. Therefore, improvement on achieving higher reversible capacity is still necessary.  
Metal oxides that are of higher capacity and prospective potentials have recently been 
summarized in a comprehensive and brilliant review article.
1
 Nickel oxide (NiO) is an interesting 
anode candidate with the advantage of low cost and abundance. The cycling performance of NiO 
in LIB was found by Tarascon
2
; various NiO morphologies have been explored and studied to 
optimize their electrochemical properties
3
. Lithium reacts with NiO through conversion 
mechanism as described in Chapter 2, Section 2.2.2.3. Bulk NiO, taking a theoretical capacity 
~720 mAhg
-1
, suffers from capacity degradation during cycling. Nanosizing NiO can mitigate 
the degradation to some extent. To enhance the reversible capacity of electrospun CNFs NiO 
nanoparticles are preferred candidates. However, most nickel sources turned out to be Ni 
particles, which inactive as anode material, when carbonizing polymeric nanofibers together with 
nickel salts.
4, 5
 This is due to the reduction reaction of NiO on carbon substrate. Therefore, it 
would be meaningful to explore the structure of NiO on electrospun CNFs. Ruthenium oxide 
(RuO2) is chosen as the mixing oxidants because of its superior conductivity and various distinct 
oxidation states
6
. Its high Li storage of 1100 mAhg
-1
 with an exceptional high Coulombic 
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efficiency over 98% during the first cycle is also favored by LIB anode applications.
7
 Carbon 
materials-based nanocomposites with nickel or ruthenium have been explored for another energy 





 have been reported to have unique morphologies with high specific capacitance. 
Yet, the combination of these three parts: NiO, RuO2, and CNF, has not been discovered and 
utilized as anode electrode. 
In this chapter, NiO/RuO2-CNFs were synthesized by co-electrospinning PAN polymeric 
solution with nickel and ruthenium salts and subsequent thermal treatment. The material was 
studied in the application as anode candidate in LIBs. The as-synthesized nanocomposites via 
co-electrospinning and calcination have been characterized by SEM, XRD and BET 
measurements. The compositions of NiO/RuO2-CNFs were carefully tested and compared at 





5.2.1 Synthesis of NiO/RuO2 Composite CNFs 
Chemicals, Nickel (II) acetate tetrahydrate (NiAc2●4H2O) (Purity 99.9%), Ruthenium (III) 
acetylacetonate (Ru(acac)3) (Purity 97%), Polyacrylonitrile (PAN) (average Mw 150,000, 
Typical), and N, N-dimethyl-formamide (DMF) (anhydrous, 99.8%), were purchased from 
Sigma-Aldrich and used as received.  
NiAc2●4H2O and Ru(acac)3 were mixed with DMF solution (10 wt% PAN). Typically, 
three different solutions were prepared separately by maintaining the wt% of NiAc2●4H2O at 5 wt% 
while the wt% of Ru(acac)3 was varied from 0, 5, 15 wt% in the 10 wt% solution of PAN. The 
corresponding materials were denoted as NiRu-CNF-0, NiRu-CNF-1, NiRu-CNF-2, respectively. 
The solution was vigorously stirred for 24 h using a magnetic stirrer to ensure the solution 
homogeneity before electrospinning. Electrospinning was conducted under an applied voltage of 
30 kV, with G 28 1 1/2 stainless steel needle using a commercial machine, NANON (MECC, 
Japan). Inside the electrospinning chamber the humidity level was controlled ~ 50%. The feeding 
rate was 1 mL/h while the distance between the collector plate and the syringe needle tip was 
around 15 cm. The as-spun fibers were collected in a form of freestanding membrane and then 
stabilized in air at 280 ºC for 2 h to retain nanofiber structures. Afterwards, carbonization process 
was carried out by sintering the stabilized fibrous membrane at 800 ºC for 1 h under Argon 
protection to synthesize the final nanocomposites. Detailed nanostructures of NiRu-CNF 
nanocomposites were characterized by SEM, XRD and BET surface area measurements. The 




5.2.2 Electrochemical Characterization 
The NiRu-CNF nanocomposites were made into slurry and coated on copper foils to 
serve as electrode. The details of electrode fabrication were given in Chapter 3, section 
3.4.1.1~3.4.1.3 and section 3.4.2. Then the cells were performed between 0.005 and 3 V vs. 
Li/Li
+
 using a computer linked with Bitrode battery tester (Model SCN-12-4-5/18, USA). Rate 
capacity studies were performed at different rates from 0.1 C to 4 C. EIS of cells (NiRu-CNF-0 
and NiRu-CNF-2 for comparison) were measured at a frequency ranged from 0.18 MHz to 36 
mHz. 
5.3 Results & Discussion 
5.3.1 Structure and Morphology 
As can be seen in Fig 5.1 (a), (b) and (c), the SEM images of three electrospun 
nano-fibrous samples (NiRu-CNF-0, NiRu-CNF-1, NiRu-CNF-2) after carbonization at 800 ºC 
for 1 h share similar characteristics of fibrous morphology with little dots on surface which 
indicates metal oxides are attached. The carbonization temperature is the optimized one 
discussed in the previous chapter. Short holding time is to enhance the overall production ratio. 
Although the conductivity of CNFs carbonized for short period of time is criticized for anode 
application, conductive Ru components can mitigate the problem to some extent. No significant 
difference can be observed for the diameters of nanofibers at the three different loadings 
presented in Table 5.1. For a one-hour calcination at 800 ºC, metal oxides embedded on 
electrospun CNF crystallize to a good state as their lattice parameters can be calculated with the 




Fig 5.1 SEM images of the electrospun binary oxide CNF composites: (a) NiRu-CNF-0 (5% Ni); (b) NiRu-CNF-1 
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Fig 5.2 (a) shows XRD pattern of NiRu-CNF-0 (5% Ni) and together with results of 
Rietveld refinement are presented for comparison. Only broad diffraction peaks standing at 2= 
44º, 52º and 76º assigning to Ni’s structure (FCC) are observed. This indicates that the small 
amount of nickel precursors is reduced to Ni sintering with CNF in the inert atmosphere during 
carbonization process. The reduction effect of CNF can also be drawn from Fig 5.2 (b) and (c). 
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When more precursor salts are added, metal oxides appear. In NiRu-CNF-0 (5% Ni), carbon 
content is sufficient to reduce all Ni
2+
. However, when the initial salts percentage is increased, 
for example with NiRu-CNF-1 (5% Ni, 5% Ru), less CNF can only reduce a certain part of Ni
2+ 
into Ni. The XRD result shows the only Ru exists in NiRu-CNF-1 while RuO2 appears 
NiRu-CNF-2 (5% Ni, 15% Ru). Details on space group, lattice parameter values and theoretical 
density of all CNF composite samples are provided in Table 5.1. The lattice parameter and 
density values are calculated by TOPAS software version 2.1. The result clarifies the 
composition and structure of Ni, Ru and corresponding oxides on carbon nanofibers.  
Data for BET surface area of CNFs are exhibited in Table 5.1 as well. NiRu-CNF-0 has 




, while NiRu-CNF-1 and NiRu-CNF-2 have surface 




, respectively. These values are lower than bare CNF in the last 
chapter and other reports
9, 10
 because of the embedded Ni and RuO2 in composites. It can be 
expected via the comparison of SEM images (Fig 5.1 (a) shows less common bead-like 
structures than Fig 5.1 (b) and (c)) due to the presence of Ru or RuO2. However, further increase 
of Ru in the CNF composition slightly increases the surface area. Such a small increase in 







Fig 5.2 XRD patterns of (a) NiRu-CNF-0 (5% Ni); (b) NiRu-CNF-1(5% Ni, 5% Ru) and (c) NiRu-CNF-2 (5% Ni, 
15% Ru), with Rietveld refinement results. 
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5.3.2 Electrochemical performance in LIBs 
CV profiles of NiRu-CNF-0 and NiRu-CNF-2 vs. Li in the operating window 






 cycles, are compared in Fig 5.3. As seen in Fig 5.3 (a), the 
initial cathodic scan for NiRu-CNF-0 shows peaks at 0.74 V and 1.13 V; the peaks other than 
those exhibited in chapter 4 for electrospun CNFs are very weak at the subsequent scans. This 
indicates that CNF dominates the electrochemical behavior in NiRu-CNF-0. Other CV features 
are interesting: 1. Anodic current is much lower than cathodic current; 2. Anodic peak shifts to 
around 1 V; 3. Several moderate peaks indicate NiO impurity existed in the sample. The main 
feature of metallic Ni deposited on CNFs is confirmed by both cathodic and anodic peak 
positions consistent with previous report
11
. On the other hand, the peak intensities for Li 
insertion and extraction with NiRu-CNF-2 are more distinguished. The redox peaks during the 




- → LiC6) and NiO (NiO + 2Li
+ 
+ 2e
- → Ni + Li2O). In the first anodic scan a strong 





. The peaks shift to 1.14 V and 2.25 V at the second scan, due to the lithium 
rearrangement in the initial cycle
14, 15
. In the subsequent cycles CV curves are similar with 
previous studies on graphite or some form of carbon and NiO anode materials
12-17
. From the CV 
profiles, NiRu-CNF-2 demonstrates improved electrochemical behavior than NiRu-CNF-0. 
There is no sign of Ru or RuO2 in the CV for NiRu-CNF-2 because their contribution is quite 





Fig 5.3 CV profiles of (a) NiRu-C-NF-0 (5% Ni) and (b) NiRu-C-NF-2 (5% Ni, 15% Ru). Scan rate: 58 μVs-1. 
Galvanostatic cycling for NiRu-CNF-0/Li and NiRu-CNF-2/Li cells are conducted at a 
constant current rate of 80 mA g
-1








 cycles are 
selected to present in Fig 5.4 (a) and (b), respectively. In Fig 5.4 (a), no distinct voltage plateaus 
can be observed for cell NiRu-CNF-0/Li all over the 40 cycles while NiRu-CNF-2/Li cell shows 
voltage plateaus at around 0.6 and 0.8 V in the initial discharge as can be seen in Fig 5.4 (b). 
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Subsequent plateaus locate in the range from 1.1 to 1.3 V for discharge and 2.0 V to 2.25 V for 
charge, respectively. Moreover, NiRu-CNF-2 demonstrates an optimized capability of sustaining 













 cycle. Cycling current rate: 72 mAg
-1
. 
In Fig 5.5 (a) capacity vs. cycle number plots of NiRu-C-NF-0/Li and NiRu-C-NF-2/Li 
cells are shown. NiRu-CNF-2 (Ni 5%- Ru 15%) has superior electrochemical performance than 
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NiRu-CNF-0 (Ni 5%) regarding high capacity and cyclic stability. In the initial discharge, the 
capacity of NiRu-CNF-0 is 700 mAh g
-1
 corresponding to the insertion of x = 1.95 mole of Li 
per formula unit. However, the capacity during the first charge is 340 mAh g
-1
 and it retains a 
capacity of 230 mAh g
-1
 at the end of 40
th
 cycle. The initial capacity loss (ICL) is 360 mAh g
-1
 
and the later capacity fades within 40 cycles is 26 %. The result that we observe is worse than the 
NiO due to the inactive metallic Ni embedded in CNFs. NiRu-CNF-2 presents an ICL of 270 
mAh g
-1
 and it can deliver a stable capacity of 350 mAh g
-1
 up to 40 cycles. The value is higher 
than that of NiRu-CNF-0 since more active NiO/RuO2 are contained. The capacity fade from the 
2
nd
 cycle to the 40
th
 cycle is cut down to 2.6 % and Coulombic efficiency stays ~98% after 30 
cycles. Due to composite nature of our material, it is difficult to compare our capacity values 
with pure NiO reported in literatures. The ICL arises due to the irreversible consumption of Li 
for the formation of SEI layer
1, 2, 17, 18
 and kinetic limitations 
19-20
. Other factors like intrinsic 
nature of the material, and electrolyte decomposition followed by formation of polymeric layer
1
 
can also attribute to ICL. 
Rate capabilities for both the materials are studied and presented in Fig 5.5 (b). The 
capacity value for NiRu-CNF-0 is about 70 mAh g
-1
 at current rate of 4C (1C = 720 mAg
-1
) from 
its initial capacity of 300 mAhg
-1
. NiRu-CNF-2 presents higher capacity; however, it fades more 
quickly at high rates and offers a capacity of 185 mAhg
-1
 at 4C rate. The capacity decrease at 
high rates is attributed to kinetic limitations of materials. In general, NiRu-CNF-2 delivers higher 





Fig 5.5 (a) Capacity vs. cycle number plots for cell NiRu-C-NF-0 (5% Ni)/Li and NiRu-C-NF-2 (5% Ni, 15% 
Ru)/Li. Voltage range, 0.005-3.0V, current rate: 72 mAg
-1
; (b) Rate capability results (1C = 720 mAg
-1
). 
5.3.3 Electrochemical Kinetic Study 
NiRu-CNF-2 exhibits better electrochemical property due to the combination of Ru 
components, which is electronic conductive. It can be seen from the EIS and corresponding 
Nyquist plots ( Z
’
 and –Z’’) shown in Fig 5.6. The fitted spectra generated with equivalent 
electrical circuit composed of five parts, referring to section 3.5.4, have been demonstrated 
together with experimental impedance data. All fitted data are obtained in the frequency range, 
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0.18MHz to 36 mHz. The impedance values for NiRu-CNF-0, Re, Rsf and Rct are 4, 66 (±1) and 
23 (±1) Ω, respectively and corresponding values for NiRu-C-NF-2 are 5.5, 10 (±0.5) and 11 
(±0.5) Ω. The capacitance values are 95 (±2) µF (CPEsf), 223 (±10) µF (CPEdl) for NiRu-C-NF-0 
and 81 (±2) µF (CPEsf), 94 (±2) µF (CPEdl) for NiRu-CNF-2. As compared in Table 5.2, the 
resistances of NiRu-CNF-2 are much lower than NiRu-CNF-0 regarding Rsf and Rct. This can 
also be applied to confirm the better conductivity and electrode kinetics of Ru composite 
electrodes. 
 
Fig 5.6 Nyquist plots (Z’ vs. –Z’’) for two cells; equivalent circuit used for fitting the experimental data are shown in 
the inset; fitted data is presented in line while experimental data are shown in symbol. 
 
Table 5.2 Calculated impedance parameters of NiRu-CNF-0 and NiRu-CNF-2. 






NiRu-CNF-0 4 66 (±1) 95 (±2) 23 (±1) 223 (±10) 






Co-electrospinning polymeric solution with metal salt precursors is applied for the 
fabrication of NiO/RuO2 composite CNFs. Their structures have been carefully analyzed by 
powder XRD and Rietveld analysis. CNFs have reduction effects during carbonization with 
metal salts, which produced inactive Ni nanoparticles in electrospun CNFs without Ru 
components. Introducing Ru components in the CNF composites not only help to form NiO 
nanoparticles but also improve the overall electrochemical performance. Li-cycling of 
NiRu-CNF-0 (5% Ni) and NiRu-CNF-2 (5% Ni, 15% Ru) composite samples demonstrate a 
reversible capacity of 240 and 350 mAhg
-1
 at current rate of 72 mAg
-1
 and stability up to 40 
cycles. Morphologies and surface area have been studied through SEM and BET measurement, 
respectively. Due to the introduction of Ru components, the materials’ conductivity is improved, 
shown in rate capacity and EIS study for NiRu-CNF-2. Optimized reversible capacity 185 
mAhg
-1
 at 4C rate (2.88 Ag
-1
) can be achieved, a bit higher than that of bare electrospun CNF 
(160 mAhg
-1
 at 2.68 C) discussed in the previous chapter. Although the capacity improvement 
for electrospun CNFs by NiO/RuO2 is limited, the reduction effects and co-electrospinning 
process discussed in this chapter shed light upon the development of qualified nanocomposites 
based upon electrospun CNFs. 
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Chapter 6 HYBRID NANO-MAGHEMITES ON ELECTROSPUN CARBON 
NANOFIBERS AS PROSPECTIVE ANODE 
In this chapter, electrospun CNFs are uniformly coated with maghemite (γ-Fe2O3) 
nanoparticles by a combination procedure of both electrospinning technique and hydrothermal 
method. Electrospun PAN nanofibers serve as a robust support for Fe2O3 precursors during the 
hydrothermal process, and successfully prevent the aggregation of nanoparticles in the following 
carbonization. XRD and SEM results verify the structure of γ-Fe2O3 on the CNFs’ surface. The 
average size of γ-Fe2O3 nanoparticles on CNFs is less than 100 nm while CNFs are about 150 
nm in diameter. The optimized carbonization condition observed is 600 °C for 12 hours. 
Comparison has been conducted with bare Fe2O3 nanoparticles, which would aggregate without 
the support of CNFs. The as-prepared maghemite-CNF nanocomposites have higher surface area 
and enhanced electrochemical performance (> 830 mAhg
-1
 at 50 mAg
-1
 for 40 cycles and high 
rate capacity up to 5 Ag
-1
 in the potential window from 0.005 to 3 V vs. Li). The improved 
electrochemical performance for maghemite-CNF nanocomposites is due to the 1D nanostructure 





Among numerous transitional metal oxides that are prospective LIB anode candidates, 
iron oxides (Fe2O3) are very popular due to their high reversible capacity ~1000 mAhg
-1
, 
environmental friendliness, earth abundance and low cost.
1-3
 However, Fe2O3 generally suffer 
from capacity fading due to large volume expansion during cycling and its low rate capacity is 
another problem to solve. The drastic volumetric change (> 200%) is inherent to iron oxides 
undergoing conversion reaction with lithium. The poor cyclability is also caused by electrode 
pulverization and loss of electrical conductivity. Especially at a high rate, severe destruction of 
the electrode occurs upon electrochemical cycling.
4
 







, and forced hydrolysis
7
, are 
extensively explored to obtain various iron oxide nanostructures. Among all the structures 1D 
nanostructure is more attractive since it is easy for them to relieve local stress for volumetric 
changes and to facilitate electron transfer through 1D channel.
8, 9
 As described in previous 
chapters, electrospun CNFs are advantageous to offer high-power capability in LIB applications 
due to more stable morphology and better electronic conductivity.
10-13
 It is simple and cost 
effective to fabricate CNFs by electrospinning technique while controlling the nanofibers’ 
diameter and direction.
14, 15
 However, bare electrospun CNFs can only deliver limited reversible 
capacity
16
; therefore, further optimization is necessary to increase the realistic capacity for 






, have been explored via co-electrospinning the polymeric 
solution containing metal salts. Improved capacity than bare electrospun CNFs and commercial 
graphite can be observed. However, such co-electrospinning technique limits the total loading for 
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active materials because of low active material content in electrospunable polymeric solution. 
This suppresses the contribution of high-capacity metal oxides to the overall capacity that can be 
enhanced. 
In this chapter, a hybrid synthesis procedure combining electrospinning technique and 
hydrothermal method to synthesize γ-Fe2O3 nanoparticles (NP) on CNF is explored as a 
high-performance anode candidate for LIB. The procedure can increase the γ-Fe2O3 loading up to 
more than 60% which leads to a high reversible capacity > 830 mAhg
-1
 for 40 cycles. The 
as-prepared material can sustain a high rate (up to 5 Ag
-1
) capacity ~ 336 mAhg
-1
. Interestingly, 
the phase of iron oxides standing on CNF nanocomposites prepared at high temperature is 
maghemite (γ-Fe2O3) rather than hematite (α-Fe2O3). 
6.2 Experiment 
6.2.1 Synthesis of γ-Fe2O3 NP@CNF & Characterization 
Chemicals, Iron (III) chloride (FeCl3) (Purity 97%, reagent grade), Polyacrylonitrile 
(PAN) (average Mw 150,000, Typical), and N, N-dimethyl-formamide (DMF) (anhydrous, 
99.8%), were purchased from Sigma-Aldrich and used as received.  
8 wt % PAN solution in DMF was prepared and vigorously stirred for at least 2 h to 
obtain homogeneous dispersion. PAN nanofibers were collected on the alumina foil 12cm away 
from a syringe needle linked with a tunable high voltage power (18 kV). After that, as reported 
elsewhere FeOOH nanorods were synthesized on the nanofibers’ surface via a hydrothermal 
process.
19
 Briefly, 0.243 g FeCl3 was first dissolved in 30 mL deionized (DI) water under 
magnetic stirring for 4 h. Then the resulting solution was transferred into a 50 mL Teflon-lined 
autoclave together loaded with electrospun PAN nanofibers. The autoclave was sealed and 
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heated at 90 ℃ for 12 h, and cooled down to room temperature. After the hydrothermal reaction 
the membrane was taken out, rinsed in DI water for 10 mins, washed repeatedly (at least 3 times) 
to eliminate isolated FeOOH nanorods and dried at 70 ℃ for 12 h. The dried membrane was first 
stabilized in air at 280 ℃ for 2h and then carbonized under Ar protection at 600 ℃ for 12h. For 
comparison, bare Fe2O3 nanoparticles were also prepared via direct calcination of dried 
membrane in air at 600 ℃ for 12h. To make a comparative study, different carbonization 
conditions were also explored at 600 ℃ for 2h and 800 ℃ for 12h, respectively. 
The obtained samples were characterized using XRD, SEM, TEM, and BET surface areas 
measurements. The details of the instruments and operations are given in Chapter 3, section 
3.3.1~3.3.5. Thermogravimetric analysis (TGA) was conducted with TA instrument 2960 to test 
the carbon contents of as-synthesized nanocomposites.  
6.2.2 Electrochemical Evaluation of γ-Fe2O3 NP@CNF 
As similar with typical electrochemical studies
20, 21
, the synthesized γ-Fe2O3 NP@CNF 
was milled and mixed with super carbon black and binder (polyvinylidene difluoride, PVdF) in 
the weight ratio of 70 : 15 : 15 using N-methyl pyrrolidnone (NMP) as dissolving assistant to 
form homogeneous slurry. The details of electrode fabrication were given in Chapter 3, section 
3.4.1.1~3.4.1.3 and section 3.4.2. All cells have been aged for at least 12h before electrochemical 
measurement. CV, Galvanostatic Cycling and Rate Capacity studies were measured between 
0.005 and 3 V vs. Li using a computer controlled by Arbin Battery tester (US, BT-2043). The 
current density used in rate capacity studies is from 0.1 Ag
-1






6.3 Results & Discussion 
As demonstrated in Fig 6.1 (a) SEM images correspond with the synthesis process for 
γ-Fe2O3 NP@CNF. In the first step (Fig 6.1 (b)), PAN nanofibers (NFs) are collected from 
electrospinning in diameter ranging from 150 to 250 nm. After the hydrothermal process in 
aqueous FeCl3 solution, PAN NFs are coated with FeOOH nanorods (NRs) as reported in the 
previous studies
22, 23
. As can be observed in Fig 6.1 (c), the average diameter and length of the 
FeOOH NRs attached on PAN NFs synthesized at 90 ℃ are 60 nm and 200 nm, respectively. 
Their aspect ratio (~3) is much smaller than other FeOOH NRs prepared by template surfactant 
(~13)
22
 or in direct hydrothermal way (~25)
23
. It indicates that electrospun PAN NF can not only 
serve as a mechanical scaffold for the FeOOH NRs’ formation, but also prohibit their excessive 
growth along the length axis. Afterwards, the precursor composites undergo the two typical steps 
to obtain CNF-based products
10
: 1) stabilization in air and 2) carbonization under the protection 
of Ar. Several different carbonization conditions (600 ℃ for 12h, 600 ℃ for 2h and 800 ℃ for 





Fig 6.1 (a) Schematic illustration for whole fabrication process of the γ-Fe2O3 NP@CNF and (b), (c), (d) SEM 
images for the electrospun PAN NF, FeOOH NR@NF, and γ-Fe2O3 NP@CNF, respectively. 
As demonstrated in Fig 6.1 (d), the original NR morphology on NFs transfers to particle 
size (nanoparticles, NPs) after the carbonization. In comparison with samples carbonized at 600 ℃ 
for 2h and 800 ℃ for 12h (Fig 6.3), the size and distribution of iron oxide NPs (Fig 6.2 (a)) are 
better controlled at 600 ℃ for 12h. When the carbonization time is shortened to 2h at 600 ℃, the 
Fe2O3 nanoparticles are under developed on CNF surface. When carbonization temperature 
increases to 800 ℃ for 12h iron oxide nanoparticles become bigger up to hundred nanometers 
which deteriorate its fiberous morphology. The corresponding XRD patterns in Fig 6.2 (c) and 
Fig 6.4 for Fe2O3 on electrospun CNFs demonstrate diffraction peaks correspond to the 
tetragonal structure of maghemite (γ-Fe2O3). The sample carbonized at 600 ℃ for 12h has the 





Fig 6.2 SEM images of (a) as-synthesized γ-Fe2O3 NP@CNF (600 ℃ for 12h); (b) the direct-synthesized bare 
γ-Fe2O3 NP, inset is the high magnification image. XRD pattern of (c) as-synthesized γ-Fe2O3 NP@CNF (600 ℃ for 
12h) with fitted data by Rietveld refinement; (d) direct-synthesized bare α-Fe2O3 NP. 
As shown in Fig 6.2 (c), the crystal structure of γ-Fe2O3@CNF can be verified using the 
Rietveld refinement implemented by TOPAS software version 2.1. From its XRD pattern its 
structure can be calculated at lattice parameters a = 8.3482(5) Å; c = 25.0169(3) Å in a space 
group of P43212. The result matches well with JCPDS card no. 25-1402. The average crystallize 
size of γ-Fe2O3 is 61.3 nm. It is consistent with particles observed in high-magnification images 
as presented in Fig 6.2 (a) inset. Based on its XRD pattern in comparison with JCPDS card 79-7 
(Fig 6.2 (d)), bare Fe2O3 synthesized by direct calcination at 600 ℃ for 12h in air presents α 
phase. As shown in Fig 6.2 (b), nanoparticles have become aggregates in the size of μm. The 
difference between γ-Fe2O3@CNF and bare Fe2O3 is due to the CNFs’ reduction effect, which 
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has been noted by other researchers when electrospun CNFs are fabricated together with other 
metal oxides
20, 24
. The above characterization indicates that in the hydrothermal process small 
nanoparticles synthesized can be kept away from aggregating into large granules by 1D 
nanostructure. This is consistent with the previous finding.
21
 Moreover, CNF’s reduction effect 
helps to produce γ-Fe2O3 phase, which is more stable at nanosize considering the thermodynamic 
calculations.
25
 This reduction effect is common, as discussed in Chapter 5. On the other hand, 





Fig 6.3 SEM images of final products after stabilization of FeOOH NRs@electrospun PAN NFs and further 





Fig 6.4 XRD patterns of final products after stabilization of FeOOH NRs@electrospun PAN NFs and further 
carbonization at 600 ℃ for 12h, 600 ℃ for 2h and 800 ℃ for 12h, respectively. 
In Fig 6.5 the morphological characterization of γ-Fe2O3 NP@CNF by TEM is shown. In 
Fig 6.5 (a), low-resolution TEM image gives us a clear view of γ-Fe2O3 NPs attached on the 
CNFs’ surface. The size of γ-Fe2O3 NPs ranges from 50 to 70 nm. It is consistent with the 
calculated average value of 61.3 nm by Rietveld refinement from XRD pattern. The most 
intensive peak at (313) in XRD pattern corresponds to the lattice fringes for the d-spacing of 2.53 
Å in the HRTEM image, Fig 6.5 (b). The SEAD result in the inset is also consistent well with 
the above TEM and XRD results. From all the results and analysis above, the size and structure 
of maghemite nanoparticles are verified by our synthesis strategy using electrospun nanofibers in 




Fig 6.5 TEM images of synthesized γ-Fe2O3@CNF: (a) low-resolution; (b) high-resolution image with lattice 
fringes corresponding to (313) peak; inset: Selected Area Electron Diffraction (SAED) pattern. 
The carbon content of γ-Fe2O3@CNF is important to improve lithium storage 
performance because high capacity is determined by the percentage of Fe2O3 in the whole 
composite. Therefore, TGA has been conducted to measure the carbon content in γ-Fe2O3@CNF 
nanocomposites. In Fig 6.6 (a), the synthesized γ-Fe2O3@CNF lose weight due to the removal of 
surface hydroxyl groups and surface water content until 200 ℃. Such early loss is minimal 4.1 % 
has little impact on electrodes as several procedures will be taken to eliminate moisture for LIB 
electrode fabrication as described in section 3.4.1. From 200 ℃ onwards, there is previous report 
that bare γ-Fe2O3 is mostly stable and does not lose weight till 900 ℃29; therefore, the weight 
loss this range is mainly due to the oxidation of CNFs in air. Thus, the carbon content of 
γ-Fe2O3@CNF is 35.7 % by weight as demonstrated in Fig 6.6 (a). Therefore, the mass loading 
of active materials (γ-Fe2O3) on electrospun CNFs turns out to be 60.2 %. The percentage is 
much higher than that obtained via direct calcination of electrospun PAN nanofibers together 
with metal salts.
17
 Such high mass loading of active materials is essential to obtain high capacity 
reversible for LIB anodes.  
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In Fig 6.6 (b), the surface area of γ-Fe2O3@CNF and α-Fe2O3 NP are characterized by 





γ-Fe2O3@CNF demonstrates larger surface area than α-Fe2O3 NP. The results verify the fact that 
the 1D nanostructure facilitates contact with electrolyte and offers more accommodation for 
lithium ions. Under other carbonization conditions γ-Fe2O3@CNF has smaller surface area due 







Fig 6.6 (a) TGA analysis of γ-Fe2O3 NP@CNF (b) BET analysis of γ-Fe2O3@CNF in comparison with α-Fe2O3 NP. 




𝐹𝑒2𝑂3 +  𝑥𝐿𝑖
+ + 𝑥𝑒−  →  𝐿𝑖𝑥𝐹𝑒2𝑂3  (𝑥 ≤ 2)                      eqn. 6.1 
𝐿𝑖2𝐹𝑒2𝑂3 +  4 𝐿𝑖
+ +  4𝑒−  →  2𝐹𝑒 + 3𝐿𝑖2𝑂                         eqn. 6.2 
2𝐹𝑒 + 3𝐿𝑖2𝑂 ↔  𝐹𝑒2𝑂3 +  6𝐿𝑖
+ +  6𝑒−                                eqn. 6.3 
𝐶6 +  𝐿𝑖
+ +  𝑒−  ↔  𝐿𝑖𝐶6                                                             eqn. 6.4 
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CVs for γ-Fe2O3@CNF and α-Fe2O3 NP are measured in the operating window from 0.005 to 3 
V at a scan rate of 58 µVs
-1
 and recorded in Fig 6.7. Galvanostatic profiles of γ-Fe2O3@CNF and 








) are also compared in Fig 6.8. According to 
eqn. 6.1 and 6.2, the reaction of γ-Fe2O3 with lithium is irreversible during initial cycles. This is 
proven by cathodic peaks at 1.21, 0.91 and 0.72 V exhibited in Fig 6.7 (a). In Fig 6.8 (a) the 
number of Li intake per γ-Fe2O3@CNF during the initial reaction can be estimated in the 
galvanostatic cycling profile. Starting from the open circuit voltage (OCV) ~2.54 V the cell is 
firstly discharged. Referring to the first cathodic peak at 1.21 V, a small amount of lithium (~186 
mAhg
-1
, eqn. 6.1) can be inserted in γ-Fe2O3. The voltage of the cell drops steeply till 1.06 V for 
this reaction. In the next stage, a small plateau is observed at 1.06 V and the voltage slowly 
decreases to 0.85 V, corresponding to the second cathodic peak at 0.91 V. The Equivalent to an 
intake of 2.2 moles of Li (x = 2, in eqn. 6.1; the additional 0.2 Li intake could be assigned to the 
contribution of CNF substrate) corresponds to a capacity of 370 mAhg
-1
 for this voltage drop. 
The formation of LixFe2O3 (x ≤ 2) in the above stages exhibits no crystal structure destruction. 
Upon further discharge, a much longer voltage plateau at 0.85 V can be observed. Discharging 
from the OCV to the end of this plateau, capacity achieved is 700 mAhg
-1
, corresponding to a 





 and the evolution of Li2O matrix (eqn. 6.2). The intensive peak at 0.72 V refers to the 
decomposition of LixFe2O3, the crystal structure destruction and the electrolyte decomposition.
2
 
In the initial cycle below 0.8 V vs. Li
34
 the electrolyte undergoes gradual redox and form SEI 
layer, consistent with the long slope starting from 0.85 V. It turns out to reach 1710 (±10) 
mAhg
-1
 until the lower cut-off at 0.005 V for the first discharge, more than half of which is 
obtained below 0.85 V. The capacity excess in this region is originated from SEI formation, 
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interfacial reaction at Fe/Li2O phase boundary
2, 35-38
, and formation of polymeric species
39, 40
. 
High surface area introduced by 1D CNFs also allows additional contact for electrolyte and 
active materials, which increases Li consumption during the initial discharge. What’s more, Li 
can also intercalate/de-intercalate with electrospun CNF similar to graphite (eqn. 6.4). The 
fourth cathodic peak in the first discharge ~ 0.42 V is broad assigning to the reaction of Li with 
CNFs. It is different from bare CNFs
41
 regarding peak position due to the existence of γ-Fe2O3. 
The CNFs’ effect has also been observed in charge stage. The peak around 1.00 V demonstrates 
the extraction of Li
+
 from the carbon host at the first anodic scan. The other two peaks observed 






, which reforms Fe2O3. As 
shown in Fig 6.8 (a), a voltage increases gradually up to 0.83 V and the increase continues at a 
slower pace till 1.5 V, followed by a further increase up to 2.0 V and a final steep rise up to 3.0 
V. The charge capacity at the first cycle is 1102 mAhg
-1
, and therefore, the initial capacity loss 
(ICL) during the first cycle is 36%. The high ICL in comparison with commercial graphite is 
known due to the extra consumption of Li for the SEI formation in the discharge condition.
39, 42, 
43







Fig 6.7 Cyclic voltammogram (CV) of γ-Fe2O3@CNF. Operating window: 0.005-3 V; scan rate: 58 µVs
-1
. Li metal 
was used as the reference electrode. 
From the 2
nd
 cycle onwards, the peaks during discharge at 1.21 and 0.91 V disappear 
which indicates the irreversible lithium insertion and phase transform as eqn. 6.1 and eqn. 6.2 
described. According to the conversion reaction of eqn. 6.3 and the intercalation reaction of eqn. 
6.4, a large amount of lithium can still be reversibly cycled in γ-Fe2O3@CNF. Peaks are split at 
0.84 and 0.97 V in the 2
nd





shown in Fig 6.6 (a), the 2
nd
 discharge capacity is 1100 (± 5) mAhg
-1
 while the value is 1064 
mAhg
-1
 and 1027 mAhg
-1









 cycle slightly shift to higher potentials, which suggest the electrode “conditioning” 
occur in the first few cycles. In such a process, better structure develops during the minor 
structural rearrangement and electrical contact is improved for the whole cell. These changes 
bring in benefits for the cell stability, especially during further cycling.
50
 No obvious plateau is 
observed during charge.  
 
Fig 6.8 Galvanostatic profiles of (a) γ-Fe2O3@CNF and (b) α-Fe2O3 NP over the voltage range of 0.005 and 3.0 V 








 cycle at a current density of 50 mAg
-1
. 
To compare with γ-Fe2O3@CNF, the charge-discharge curve for α-Fe2O3 NP is also 
shown in Fig 6.8 (b). The initial galvanostatic profile of α-Fe2O3 NP is similar to that of nano α- 
Fe2O3, as the 1
st
 discharge curve contains a one-phase process for Fe2O3 up to 1 Li intake per 
formula unit followed by a two-phase transformation.
30
 Therefore, the initial discharge capacity 
of α-Fe2O3 NP achieved can reach as high as 1456 mAhg
-1
. However, the capacity decreases fast 
in the next few 5 cycles because of aggregate formation for nano α-Fe2O3 NP. In comparison 
with γ-Fe2O3@CNF, the voltage plateau of α-Fe2O3 NP between 0.9 and 1.0 V shrinks quickly 
from the 2
nd
 cycle onwards continuously, resulting in a 72.5% decrease at the 5
th
 cycle. The big 
147 
 
difference between galvanostatic profiles for γ-Fe2O3@CNF and α-Fe2O3 NP is in contrast with 
CV’s similarity. The CVs found for α-Fe2O3 previously
30-33
 and here (in Fig 6.7 (b)) are quite 
same, except some shifts on several positions possibly attributed to the integrated effects of CNF 
and iron oxides. This indicates that the reaction mechanisms for Fe2O3 with different phases are 
mostly the same, but morphologies largely affects their electrochemical performances. 
Fig 6.9 presents cycling capacities together with Coulombic efficiency vs. cycle number 
finished for γ-Fe2O3@CNF at a current rate of 50 mAg
-1
. For comparison, both α-Fe2O3 NP and 
CNF-600 (electrospun CNF carbonized at 600℃ for 12h, the same symbol in chapter 4) 
demonstrate their discharge capacity as well. It is obvious that γ-Fe2O3@CNF demonstrate 
higher capacity and longer cycle sustainability than both α-Fe2O3 NP and CNF-600. At the end 
of the 40
th
 cycle, the capacity is ~ 837 mAhg
-1
 retained 76% of the 1
st
 reversible capacity. That is 
three times more than the value of α-Fe2O3 NP and CNF-600. The 1D electrospun CNF and 
well-distributed Fe2O3 nanoparticles on the fiber surface attribute to the improved 
electrochemical performance. The structure helps to buffer the volumetric change during cycling, 
shorten the diffusion pathways for electronic and lithium ions, and facilitate the reversible 
decomposition of Li2O matrix. The Coulombic efficiency for γ-Fe2O3@CNF is high > 97% 
during long-term cycling despite the high capacity loss during the first cycle. Such high initial 
capacity loss has been widely reported for other transition metal oxides
51-53
. Moreover, there are 











The rate capacity studies have also been conducted with duplicated cells in the voltage 
range, 0.005-3.0 V, at different current rates of 0.1, 0.2, 0.5, 1, 2, 5 Ag
-1
. Results are shown in 
Fig 6.10. In Fig 6.10 (a), the results of α-Fe2O3 NP and CNF-600 are also compared. After 15 








. It decreases 
further at higher rates at 0.5, 1, 2, 5 Ag
-1
, and a capacity of 336 mAhg
-1
, comparable to that of 
graphite, is still obtained at 5Ag
-1
. At the 65
th
 cycle back to 0.1 Ag
-1
, the reversible capacity can 
be retrieved at 900 mAhg
-1
, demonstrating a good rate capability. The sustainability of 
γ-Fe2O3@CNF at high current rate makes the material competitive in the high-power 
applications for LIB. On the contrary, the α-Fe2O3 NP and CNF-600 demonstrates extremely low 
capacity at around 60 mAhg
-1







Fig 6.10 Rate capacity study results; selected current density (0.1, 0.2, 0.5, 1, 2, 5 Ag
-1
) for (a) γ-Fe2O3@CNF, 
α-Fe2O3 NP, and CNF-600; (b) γ-Fe2O3@CNF synthesized under different carbonization conditions (600 ℃ for 12h, 
600 ℃ for 2h and 800 ℃ for 12h). 
Fig 6.8 (b) demonstrates rate capacity of γ-Fe2O3@CNF synthesized under different 
conditions (600 ℃ for 12h, 600 ℃ for 2h and 800 ℃ for 12h). Current rates applied are varied as 
the same as Fig 6.8 (a). γ-Fe2O3@CNF carbonized at 600 ℃ for 12h demonstrates the best 
electrochemical performance at all current rates among three batches. It is attributed to the 
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well-controlled structures via modifying the fabrication condition as previously characterized. 
Quick capacity loss is observed for the sample carbonized at 600 ℃ for 2h at high rates. It seems 
that for short carbonization duration at 600 ℃ conductivity of as-prepared CNFs is insufficient. 
On the other hand, if the temperature goes too high up to 800 ℃ the overall capacity value is 
much lower than the one carbonized at 600 ℃ for 12h, even though it demonstrates good 
capacity retention at high cycling rates. Therefore, the carbonization condition at 600 ℃ for 12h 
is optimal due to the well-controlled morphology of γ-Fe2O3@CNF offering the superior 
performance regarding both power and energy. It is in good agreement with the supplementary 
EIS graph (Fig 6.11). After 5 reversible cycles, different samples of γ-Fe2O3@CNF prepared 
under different carbonization conditions and α-Fe2O3 NP are measured. α-Fe2O3 NP 
demonstrates a single broad depressed semicircle (diameter > 300 Ω) in the frequency range > 36 
Hz while all γ-Fe2O3@CNF samples present typical semicircles in high-frequency area. At the 
open circuit voltage (OCV) ~ 3.0 V, γ-Fe2O3@CNF (600 ℃ for 12h) exhibits the smallest 
impedance with diameter of semicircle at around 60 Ω, while it is 175 Ω and 220 Ω for 600 ℃ 
for 2h and 800 ℃ for 12h, respectively. This indicates that γ-Fe2O3@CNF carbonized at 600 ℃ 
for 12h has the lowest impedance and best electrochemical property. In comparison with the EIS 
profile of fresh cell for γ-Fe2O3@CNF (600 ℃ for 12h), the impedance of cycled electrode has 
been improved (EIS semicircle shrinks from 300 Ω towards 60 Ω).It confirms the good electrode 
kinetics and internal conductivity of γ-Fe2O3@CNF (600 ℃ for 12h) after the cell undergoes 




Fig 6.11 Comparison of the Nyquist plots for various materials. Other than the fresh cell curve, the default testing 
condition is for cells cycled after 5 times and recharged back to 3 V. 
6.4 Conclusions 
In summary, γ-Fe2O3@CNF has been prepared via a hybrid synthesis combining 
electrospinning technique and hydrothermal method. The optimal carbonization condition is 600 ℃ 
for 12h, which not only helps to form a well-controlled distribution of γ-Fe2O3 nanoparticles on 
1D CNFs but also demonstrates the best electrochemical performance. The as-optimized 
integrated γ-Fe2O3@CNF exhibits much higher reversible capacity (> 830 mAhg
-1
 at 50 mAg
-1
 
for 40 cycles) and rate performance (336 mAhg
-1
 at 5 Ag
-1
) in comparison with separate 
components. Fe2O3 NPs and CNF-600 can only deliver ~200 mAhg
-1
 at 50 mAg
-1
 and less than 
100 mAhg
-1
 at 1 Ag
-1
. The greatly improved performance is due to the 1D nanostructure that 
buffers the cyclic volumetric change, shortens the diffusion pathways, and facilitates the 
reversible decomposition of Li2O. In comparison with the optimized electrospun CNF and 
NiRu-CNF nanocomposites in the previous chapters, γ-Fe2O3@CNF composites are more 
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favorable as anode candidates. Moreover, the strategy of coating high-capacity materials on 1D 
electrospun CNFs is an effective way to synthesize promising anode candidates for LIB 
application requiring both high power and high energy. 
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Chapter 7 ELECTROSPUN LITHIUM TITANIUM OXIDE AND THEIR 
CARBON-BASED 1D NANOCOMPOSITE 
In this chapter, lithium titanium oxide (Li(Li1/3Ti5/3)O4, LTO) nanocomposites have been 
fabricated from sintering 1D nanofibers via co-electrospinning a polymeric solution containing 
Li and Ti components. In comparison, LTO embedded 1D carbon nanocomposites (C-LTO) 
were obtained by the same electrospinning process and further calcination under the protection 
of inert gas. Both structures and morphologies were characterized by XRD, SEM and TEM for 
two separate samples. Their electrochemical performances were tested through coin-type cells vs. 
Li and evaluated via CV and Galvanostatic cycling profiles in the operating window of 1.0-2.8V. 
The results demonstrate characteristic discharge-charge plateaus for LTO at 1.55 and 1.65 V, 
respectively. The electrospun LTO has retained a stable capacity of 148 (±3) mAhg
-1
 for about 
400 cycles at a cycling current rate of 1 C (175 mAg
-1
). For the carbon framework capturing 
LTOs (C-LTO), the rate capacities can be enhanced to 10 C (1750 mAg
-1
) with a stable capacity 
retention at 106 (±3) mAhg
-1 
for 500 cycles. The improvement on electrochemical performance 
can be attributed to the effects of carbon framework introduced: 1) enhance the overall 
conductivity with carbon combination; 2) minimize the size of LTO grains on nanoscale, which 





The demand for superior-performance LIBs replacing internal combustion power for 
hybrid electric vehicles (HEVs) and electric vehicles (EVs) is increasing with each passing day 
due to the protruding environmental and resource problems. Even for electric transportations 
powered by fuel that produces recharging energy, carbon emission can be cut roughly 50%. 
When cleaner forms of electrical power generation, such as hydropower and nuclear plants, are 
used to recharge EVs, carbon emission can be further reduced to less 10% of those currently 
internal combustion engines.
1
 Therefore, even in the worst scenario, automobiles powered by 
batteries are much cleaner than fuel-based vehicles. Another and more important advantage of 
battery-powered motors over fuel-based engines is the lower cost of electricity than gasoline. 
This is due to the high efficiency of using electricity. According to the data published on the 
website of the United States Department of Energy, it costs about 3 times less to drive an EV.
2
 
Furthermore, the battery with proper choice of materials can recycle well. Therefore, electrode 
materials are significantly important for batteries designed for vehicles. Currently, LIBs still 
need to be improved as they are still quite heavy and suffer from slow recharge. High energy, 
high power, and good electrochemical stability are essential for electrode materials to develop 
the next generation LIB and promote their application in the energy field. 
Lithium titanium oxide (LTO) is one of the most attractive anode materials that can 
deliver fast and stable electrochemical power for EVs. The group of Ohzuku introduced this 
Zero-strain spinel type oxide in 1995.
3
 It is famous for its excellence under low temperature and 
little volumetric change in cubic lattice during electrochemical cycling, namely, a = 8.3595 Å for 
Li4Ti5O12 and a = 8.3538 Å for Li7Ti5O12; thermal stability is also good for LTO. Therefore, 
LTO is safe regarding fast recharge and discharge with Li cycling. As discussed in Chapter 2, 
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Section 2.2.2.2, LTO reacts with lithium based on intercalation/de-intercalation mechanism. Yet, 






 at 300 K), 
which greatly limits the overall power deliverable.
4
  
To improve the Li-cycling performance of LTO, various strategies have been taken, 
including preparation of different particle sizes, fabrication of nano-morphologies, conductive 
coating on surface, and effective doping with other metal elements. To prepare LTO, different 




 and hydrothermal 
method
14-16
, were investigated. Among all structures developed for LTO, 1D nanofiber can help 
to enhance both electronic and ionic conductivity via the fibrous structure. However, it is 
difficult to directly sinter LTO into 1D nanostructure as the high temperature necessary for the 
formation phase pure and crystallization of LTO will enforce nano-crystals easily aggregated 
into large particles. Electrospinning is a well-known method for producing different 
nanostructures ranging from continuous 1D ultra-fine fibers
17
 to core-shell morphology
18
. 
Conventional metal oxides 1D nanostructures, such as TiO2
19





, SnO2 fibers have shown the advantages over the original counterparts
23-25
 
regarding surface area and electrochemical reactivity. In this chapter, electrospun LTO grains 
and LTO embedded 1D carbon nanocomposites (C-LTO) derived from similar rice-grain shapes 
have been successfully fabricated via further calcination in air and under Argon protection, 
respectively. Their morphologies and electrochemical performance are compared to explore the 





7.2.1 Synthesis of LTO grains & C-LTO 
Chemicals, Lithium Acetate dihydrate (LiAc2, Li(CH3CO2)2•2H2O, reagent grade), 
Titanium (IV) isopropoxide (TIPP, Ti[OCH(CH3)2]4, 98%), Acetic acid (ACS reagent, > 99.7%), 
Polyvinyl acetate (PVAc, purity 99%), and N, N-dimethyl-formamide (DMF anhydrous, 99.8%), 
were purchased from Sigma-Aldrich and used as received. 
1g PVAc was dissolved in 12.5 mL of DMF to form a polymeric solution. After vigorous 
stirring for 2 hours, 1mL TIPP, 0.316g LiAc2 (Ti:Li mole ratio 5:4.4) and 1mL acetic acid were 
then added to make a homogeneous mixture. The mixture was well stirred overnight and 
prepared for electrospinning using an applied voltage of 30kV. The electrospun fibers were 
collected on an alumina foil as a freestanding membrane. Various calcination conditions were 
tried to optimize the structure and morphology of LTO. Different temperatures at 450 ºC (1 hr), 
600 ºC (1 hr) and 750 ºC (1 hr, 7 hr, 10 hr) at both heating and cooling rate of 3ºC/min in air. By 
sintering the as-collected electrospun nanofibers at 750 ºC for 10 hr in air LTO grains were 
obtained. LTO embedded 1D carbon nanocomposites were fabricated at a similar condition (750 
ºC for 10 hr) distinguished by Argon (Ar) protection. The nanostructures of two samples were 
characterized by SEM, XRD and TEM measurements. TGA measurement was also applied. The 
details of the instruments and operations are given in Chapter 3, section 3.3.1~3.3.5. 
7.2.2 Electrochemical Characterization 
Two counterpart materials were made into slurry and coated on copper foils to serve as 
electrode. The details of electrode fabrication were given in Chapter 3, section 3.4.1.1~3.4.1.3 
and section 3.4.2. Then the cells were tested in the operating potential window from 0.005 to 3 V 
vs. Li using the Bitrode battery tester controlled by computer. Rate capacity study was also 
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carried out from 0.1 Ag
-1
 to 1 Ag
-1
. EIS were obtained with a Solartron impedance analyzer at 
room temperature. The frequency ranged from 0.18 MHz to 2 mHz with an ac signal amplitude 
of 10 mV. The impedance results were analyzed using the Z-view software. 
7.3 Results & Discussion 
7.3.1 Morphology and Structural Characterization 
The results of X-ray diffraction (XRD) measurement of the bare LTO grains and C-LTO 
are shown in Fig 7.1 (a) and (b), respectively. The structure of sample sintered at 450 ºC mainly 
retains the same as that of anatase TiO2, consistent with the previous findings on electrospun 
TiO2 by Sree et al
26
. With an increase of temperature a transformation from anatase to rutile 
phase is demonstrated. Later on, the additional lithium precursor reacts with titanium oxide to 
form LTO composition. However, because of the small diffusion coefficient in solids, the total 
reaction to form LTO spinel structure would not be complete in the first few hours. In Fig 7.1 (a) 
the comparison of XRD patterns under different conditions of calcination temperature and 
holding time clearly presents the evolution from anatase TiO2 to rutile TiO2, and finally to spinel 
LTO. However, for a short reaction time about 1hr all traces show a mixture phase. When the 
holding time at 750 ºC extends to 7 hr, less TiO2 is observed in the mixture. When the 
calcination time is elongated to 10 hrs at 750 ºC, single phase LTO with little TiO2 impurity can 
be achieved (Fig 7.1 (b)). Using TOPAS software LTO’s lattice parameter can be calculated 
with a = 8.359(0) Å, consistent with the original report from Ohzuku’s study27. According to the 
calculation, the LTO grains were 198 nm in diameter on average. In comparison with the bare 
LTO prepared in air, C-LTO was carbonized under the protection of Ar. It can be seen that only 
the LTO’s pattern was observed in C-LTO’s sample with higher background at the position of 
low angles, which indicates the presence of carbon contents. The XRD pattern of C-LTO has 
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also been fitted by Rietveld Refinement; the result showed little difference in lattice parameter: a 
= 8.353(7) Å, and LTO embedded in carbon is much smaller in size of 16 nm in diameter. 
 
Fig 7.1 XRD patterns of (a) electrospun sample sintered at 450 ºC, 600 ºC and 750 ºC for 1h in air, respectively;  
(b) electrospun sample sintered at 750 ºC for 1hr, 7 hr, and 10 hr in air, 10 hr in Ar respectively. Symbols ○, ● 
and ◆ denote diffraction peaks for anatase TiO2, rutile TiO2 and spinel LTO, respectively. 
Fig 7.2 (a) shows the SEM images of the as-spun fibers (before sintering) consisting of 
TiO2, LiAc, and PVAc; regular bumps are observed on the fiber surface. As demonstrated in Fig 
7.2 (a), the fibers are continuous and diameters range from 200 to 500 nm. The regular bumps 
are different from the bead defects occurring due to bad condition in electrospinning. These 
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sub-micro structures indicate the addition of lithium salts, which would affect homogeneous 
conductivity and morphology in electrospinning. Morphological differences of TiO2/LTO 
composites synthesized at different temperatures (450 ºC, 600 ºC and 750 ºC) can be seen from 
SEM images Fig 7.2 (b), (c), and (d), respectively. The fiber structure begins to diminish from 
450 ºC onwards and TiO2 grows in rice grain, due to the polymeric characters of substrate 
(PVAc). Anatase TiO2 of rice-grain shape with nano-pores have been discussed previously
26
. At 
temperature of 600 ºC LTO phase starts to be observed. The rice-grain TiO2 continue to 
crystallize into LTO grains at 750 ºC. Less TiO2 impurity can be seen with the increase of 
calcination duration. A previous research using Polyvinylpyrrolidone (PVP) for electrospinning 
led to LTO nanofiber
28
, while here PVAc helps to form morphology as grains in porous matrix. 
This is possibly due to the differences in the TiO2’s morphologies, which serve as precursor 
template for LTO
29
. According to a previous report
26
 that studied the interplay effect of PVAc 
and TIPP regarding solubility, micro-phase separation occurs during electrospinning, finalizing 
the rice-grain TiO2 meso-structures after calcination. Fig 7.2 (e) and (f) demonstrate the overall 
and high-resolution view of LTO grains developed by long time period calcination at 750 ºC in 
air (10 hr), respectively. It is clear that LTO grains have grown larger during the prolonged 
calcination process. The final products turn out to be grains around 200 nm, which is consistent 
with the XRD result. Fig 7.2 (g) and (h) are views for C-LTO carbonized in Ar. Under the 
protection of Ar gas, part of the fibrous morphologies is kept well after carbonization. 
High-resolution image in Fig 7.2 (h) indicates that the fibrous morphology consisting of 




Fig 7.2 SEM images of electrospun nanofibers (a) without calcination; after calcination for 1hr in air at (b) 450 ºC 
(c) 600 ºC and (d) 750 ºC; (e) after calcination at 750 ºC for 10 hr in air; (f) high resolution of (e); (g) after 
carbonization at 750 ºC for 10 hr in Ar; (h) high resolution of (g). 
The TEM images of as-electrospun green nanofibers, LTO grains, and C-LTO are shown 
in Fig 7.3 (a), (b), and (c), respectively. Fibrous morphology and bump structures discussed 
above can be clearly seen in Fig 7.3 (a). Consistent with Fig 7.2 (e) and (f), the average particle 
size for LTO grains observed from TEM is around 200 nm (Fig 7.3 (b)), which is still smaller 
than those fabricated via direct combustion30. This verifies that in the air atmosphere, LTO would 
grow to large size derived from rice-grain TiO2 nanostructures. On the contrary, the TEM images 
of C-LTO prepared under the protection of Ar gas are demonstrated in Fig 7.3 (c) and (d). It is 
obvious that C-LTO consists of small nanoparticles rather than one large-size grain. Besides, the 
high resolution figure (Fig 7.3 (d)) gives a nice view of nano-LTO embedded in carbon matrix 
with clear lattice fringes assigning to spinel LTO. The particle is ~ 15 nm in diameter, which is 
consistent with the calculated particle size from XRD patterns. From the TEM result, we can 
safely conclude that polymeric 1D nanostructure has the effect that can suppress the growth of 





Fig 7.3 TEM images of the as-synthesized electrospun nanofibers: green fibers (a) without calcination; (b) LTO 
grains after calcination at 750 ºC for 10 hr in air; (c) C-LTO obtained after carbonization at 750 ºC for 10 hr in Ar; 




7.3.2 Galvanostatic Cycling Studies   
In Fig 7.4 (a), charge/discharge profiles at different current rates of LTO grains (750°C, 
10 h) are presented. At a low current rate of 0.2C (1C= 175 mA g
-1
), they have flat plateaus at 
~1.55 V during discharge and ~1.6 V during charge, respectively. The two-phase reaction is the 
LTO’s characteristic.3, 4 When the current rate is increased (1C at 11th cycle; 2C at 21st cycle; 5C 
at 31
st
 cycle; 10C at 41
st
 cycle), differences between voltage plateaus for charge and discharge 
increase. It is common for high cycling rates due to higher polarization. Fig 7.4 (b) presents the 
graph of charge capacity vs. cycle number for LTO/Li cells at different cycling rates, 0.2 C to 10 
C with 10 cycles for each. At 0.2 C, reversible capacity of 165(±3) mAhg
-1 
is stabilized 
corresponding to 2.83 Li per LTO. With increasing current rate from 0.2 C to 10 C, the 
reversible capacity drops to 149 (1 C), 138 (2 C), 109 (5 C), and 79 (10 C) mAhg
-1
, respectively. 




 cycle) are provide. LTO grains can 
achieve a reversible capacity of 148 (±3) mAh g
-1
 at the end of 380
th
 cycle. At 1C rate the overall 
Columbic efficiency is above 95%. On the other hand, the capacity retention is ~ 97 % at the end 
of the 380
th







Fig 7.4 (a) Galvanostatic profiles for LTO grains at different cycling rates; (b) Charge capacity vs. cycle number 
plots at different current rates (0.2, 1, 2, 5, 10 C) within 50 cycles; (c) Charge capacity vs. cycle number plots of 




 cycle at a constant rate of 1C. Cycling voltage range, 1.0-2.8V vs. Li. 
Compared with carbon-free LTO from other reports
3, 31
, electrospun LTO grains have 
overcome the insufficient conductivity causing capacity fade at high cycling rates. One 





. Another important factor is the better distribution of LTO in the whole 
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matrix, formed with the assistance of polymer evaporation during calcination. Apart from this, 
fabricating LTO together with organic sources via electrospinning has been reported to provide 
uniform sized LTO grains and superior performance
34
. 
In comparison, galvanostatic cycling curves at various current rates for C-LTO 
carbonized at 750°C, 10 h are demonstrated in Fig 7.5 (a). The profile demonstrates the 
distinguished cycling plateau of LTO at ~1.55 V at different cycling rates of 0.2 C, 1 C, and 2 C, 
while for bare LTO grains the plateau is only stable at 0.2 C. This indicates that C-LTO can 
sustain higher current rate during cycling. The fact is also verified by the less capacity drop at 
higher current rates. At 0.2 C, C-LTO can obtain a reversible capacity at 138 (±1) mAhg
-1
, which 
is smaller than LTO grains due to the combination of carbon that contributes little capacity in 
this voltage range. However, on the contrary the electrochemical performance is more stable and 
capacity loss at high current rates is minimized at 130 (1 C), 124 (2 C), 115 (5 C), and 107 (10 C) 
mAhg
-1
, respectively. (Fig 7.5 (b)) 
 
Fig 7.5 (a) Charge/discharge profiles for C-LTO, cycle number and cycling rates are indicated; (b) Charge capacity 
vs. cycle number plots at different cycling rates of C-LTO carbonized at 750 ºC within 60 cycles. 
As C-LTO has the higher rate capacity than electrospun LTO grains, test for higher 
current was applied to real applications. The result is shown in Fig 7.6. Right axis is assigned to 
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present the Coulombic efficiency of the cell. For all 500 cycles at 10 C rate, the reversible 
capacity initiated at ~ 116 mAhg
-1
, and it dropped a bit to ~ 107 mAhg
-1 
after 150 cycles. After 
that, the capacity was retained at 107 mAhg
-1
 and no capacity loss can be observed during the 
further cycling. The Coulombic efficiency of the active material maintains almost at 100% with 
initial number at ~ 98%, which might be due to the combination of carbon contents. Such 
standard achieved by the material is essential in the real applications as well. The 
electrochemical performance demonstrated for C-LTO is better than LTO grains regarding 
stability and power density. The reasons can be attributed to the integration of LTO’s nano-size 
effects and carbon coating on the nano-LTO particles. 
 
Fig 7.6 Specific capacity (charge in black, discharge in red) vs. cycle number plots of C-LTO for 500 cycles at the 




7.3.3 Electrochemical Impedance Spectroscopy 
It is very powerful to use Electrochemical Impedance Spectroscopy (EIS) in the kinetics 
study of electrode materials including cathode
33-35
, as well as anode
36-39
. Here, the EIS of LTO 
grains and C-LTO are measured at various voltages vs. Li, 1.2 V, 1.4 V, 1.6 V and 1.9 V cycled 
at 0.2 C. Fig 7.7 (a) and (b) present the Nyquist plots (Z’ vs. –Z’’) of LTO grains/Li cell for the 
382
nd
 cycle. The two semi-circles appearing in the frequency range, 0.18 MHz to 40 Hz, on the 
Nyquist plot correspond to the equivalent circuit elements Rsf and Rct, followed by a Warburg 
region and an intercalation capacitance. During charge and discharge at different voltage stages, 
the semi-circle region is similar. At high frequencies, the first semi-circle describes the 
passivation behavior at the Li/electrolyte and the electrolyte/LTO interface. At lower frequencies, 
the second semi-circle corresponds to the capacitive behavior which describes the diffusion 
process. It is known that LTO does not form passivation film at the discharge depth to 1 V
40
; 
therefore, the first semi-circle is minimized for LTO cells as demonstrated in Fig 7.7 (a) and (b). 
Such phenomenon is more obvious for C-LTO/Li cell in Fig 7.7 (c) and (d). Only the second 
semi-circle corresponding to the diffusion process appears for the charge or discharge state at 
500
th
 cycle. Regarding the impedance for two cells, C-LTO has even lower values than LTO 
grains after cycling at much higher current rates for longer cycles. This can be again assigned to 
the smaller particle-size of nano LTO separated by organic polymer derived carbon matrix. The 
impedance is also in relation with the intercalated lithium contents for C-LTO/Li cells. At 1.9 V 
(LTO is fully charged at Li4Ti5O12, spinel structure) the impedance is the lowest while the value 






Fig 7.7 Family of Nyquist plots together with fitted data for the cell, LTO grains/Li, at selected voltages during the 
(a) 382
nd
 charge cycle, (b) 382
nd
 discharge cycle; for the cell, C-LTO/Li, at selected voltages during the (c) 500
th
 
charge cycle, (d) 500
th
 discharge cycle. Data were collected after stabilizing at each voltage for 2h. (e) Equivalent 





As shown in Fig 7.7 (e) the impedance spectra have been fitted according to an 
equivalent circuit consisting of resistance (Rsf and Rct), a constant phase element (CPEi) (CPEsf 
and CPEdl), Warburg impedance (Ws) and intercalation capacitance (Ci).
34, 37
 Table 7.1 shows 
calculated statistics for fitting using equivalent electrical circuit. The as-fitted curve matches well 
with the experimental curve for both LTO grains and C-LTO at a frequency range (0.18 MHz to 
20 mHz). Low resistance value (Re) indicates the stable cycling performance of LTO grains and 
C-LTO after long-term cycles. The developing trend of CPEsf is mostly increasing with rising 
voltages accordingly, indicating better surface contact for LTO spinel phase than rock-salt phase 
after lithiation. C-LTO demonstrates an overall lower Rct and higher CPEdl than LTO grains due 
to the minimized size of LTO embedded in carbon matrix. This is consistent with the fact that 
carbon coating can help to enhance conductivity and smaller size of LTO introduces higher 
surface area for the facile contact with electrolyte. The slightly higher value for Rsf of C-LTO, in 
comparison with LTO grains, is also due to the higher contact area of this sample. However, 
from the overall result demonstrated for Li-ion kinetic, electrospun C-LTO exhibits lower 
impedance than LTO grains; therefore, the former is better at offering high electronic 
conductivity, consistent with the previous cycling profile. From all the EIS data obtained and 
calculated, both samples exhibit low impedance, stable interface contact, good Li-ion kinetics, 




Table 7.1 Calculated impedance parameters of electrospun LTO grains (382
nd
 cycle) and C-LTO (500
th
 cycle) at 

















Charge 3.6 8.8 140 15.1 40 
Discharge 3.5 7.7 85 15.0 33 
1.4V 
Charge 3.5 6.6 75 15.2 36 
Discharge 3.1 7.6 140 14.6 41 
1.6V 
Charge 3.3 9.2 200 15.2 33 
Discharge 4.3 6.2 136 14.1 41 
1.9V 
Charge 3.7 9.4 219 14.3 27 
Discharge 5.3 8.7 196 13.9 29 
C-LTO 
















Charge 3.8 11.8 61 4.2 355 
Discharge 3.0 11.8 83 6.2 281 
1.4V 
Charge 3.6 10.8 103 3.6 390 
Discharge 3.1 11.0 118 3.8 863 
1.6V 
Charge 3.1 10.6 124 4.0 382 
Discharge 3.4 13.3 76 6.2 164 
1.9V 
Charge 2.7 8.7 130 5.1 241 
Discharge 3.0 8.9 119 4.3 561 
 
7.4 Conclusions 
We synthesized LTO grains and C-LTO nanocomposites via co-electrospinning and 
subsequent heat treatment. The optimal condition for obtaining bare LTO grains is sintering 
PVAc nanofiber with salt precursors at 750 ºC for 10 hr. Much smaller LTO nanoparticles 
embedded in carbon matrix can be obtained via sintering the precursor under Ar. The electrospun 
LTOs demonstrate good electrochemical cycling stability at 1C rate up to 380 cycles with a 
reversible capacity of ~145 mAhg
-1
, while C-LTO shows much improved performance at 10C 
rate for 500 cycles with a reversible capacity of ~107 mAhg
-1
. The enhanced rate capacity can be 
ascribed to (i) the ten times smaller size of LTO in C-LTO than bare LTO grains (ii) carbon 
matrix coating on the LTO nanoparticles. The improved electrochemical performance of 
optimized C-LTO has been compared with that of LTO grains and verified by the kinetic studies 
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applying EIS measurement. In comparison with the results developed in previous chapters for 
electrospun CNF-based materials, C-LTO is more oriented to deliver ultra-fast cycling and stable 
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Chapter 8 CONCLUSIONS AND FUTURE PROSPECTIVES 
8.1 Conclusions 
This thesis focuses on developing 1D carbon nanostructures in the application of LIB 
electrode materials through a cost-effective technique, electrospinning. Different electrospinning 
strategies, including direct electrospinning, co-electrospinning, and hybrid synthesis with 
electrospinning, have been applied to fabricate optimized CNFs and CNF-based nanocomposites. 
All samples were well characterized to study their compositions and structures induced by the 
effect of electrospinning. The morphology, particle size and crystallinity were highlighted as 
important factors for cycling performance with Li. Electrospun CNF, the core realm in this thesis, 
has significant effects not only on the material formation, but also on the conductive properties 
of as-prepared active material. Specific major contributions are summarized as follows: 
1) Electrospun CNF carbonized at 800 °C for a long time period ~ 12 hr demonstrates an 
optimized electrochemical performance for long-term cycling up to 550 cycles in 
comparison with that carbonized at 600 °C and 1000 °C. The long-term cycling 
shows an interesting behavior with increased capacity and the electrochemical 
mechanism has been explored via the ex-situ TEM observation for the first time. The 
1D nanostructure of electrospun CNFs retained their morphology and expanded along 
the perpendicular direction of the fiber axis after the Li cycling. Electrospun CNFs 
were found to sustain a general cycling rate 10 times higher than graphite with good 
stability. CNFs carbonized at 800 °C can deliver a reversible capacity over 400 
mAhg
-1
 for more than 500 cycles at 100 mAg
-1
. The good electrochemical 
performance was further verified by kinetic studies on GITT and EIS. (Chapter 4) 
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These results indicate electrospun CNF is a prospective direction for developing 
future anode materials for rechargeable LIBs. 
2) Binary oxides (NiO and RuO2) were synthesized together with electrospun CNFs to 
be studied as novel material-combination for anode application in LIB. It was the first 
time that NiO has been synthesized along with CNFs by the combination of RuO2. 
The structure and composition of CNF-NiO/RuO2 with various loadings were 
carefully analyzed by XRD pattern and Rietveld refinement. Electrospun CNFs were 
found to have reduction effects during carbonization. Nanocomposites with 5% Ni 
salt incorporated were finally synthesized to have only Ni particles inside CNFs. 
However, with the increasing input of Ru salt precursors NiO appeared in the 
nanocomposites. The electrochemical properties of CNF nanocomposites were also 
characterized with different loadings. NiRu-CNF-0 (5% Ni) and NiRu-CNF-2 (5% Ni, 
15% Ru) composite samples showed a reversible capacity of 240 and 350 mAhg
-1
 at 
current rate of 72 mAg
-1
 and stability up to 40 cycles, respectively. The appearance of 
NiO contributes to the enhancement of electrochemical performance. The 
improvement is also due to the introduction of Ru components. Although the capacity 
improvement for electrospun CNFs by NiO/RuO2 is limited, the reduction effects and 
co-electrospinning process discussed in Chapter 5 are very instructive for developing 
CNF-based nanocomposites. 
3) High-capacity electro-active Fe2O3 nanoparticles were synthesized on the surface of 
electrospun CNFs. The process combined electrospinning and hydrothermal method 
for the first time. Under the optimized condition at 600 ℃ for 12h, maghemite 
(γ-Fe2O3) nanoparticles ~ 60 nm in diameter uniformly stood on the surface of 
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electrospun 1D CNFs. The integrated γ-Fe2O3@CNF demonstrates much higher 
reversible capacity (~ 837 mAhg
-1
 at 50 mAg
-1
), good cycling (up to 80 cycles) and 
rate behavior (336 mAhg
-1
 at 5 Ag
-1
) in comparison with separate components (Fe2O3 
NPs and bare CNF). The improved electrochemical performance was analyzed by 
galvanostatic cycling and rate capacity study. Regarding the reason for better 
performance, 1D CNF can buffer the volumetric change of Fe2O3 during cycling, 
shorten the diffusion pathways for electronic and lithium ions, and facilitate the 
reversible decomposition of Li2O during the conversion reaction of Fe2O3 with Li. 
Apart from the reduction effect of electrospun CNFs that determines the phase of 
Fe2O3, the 1D carbon template successfully controlled the size of Fe2O3 nanoparticles. 
In Chapter 6, such a hybrid strategy of preparing the hierarchical nanostructure casts 
a novel insight on synthesizing other CNF-based prospective electrode materials. 
4) Lithium titanium oxide (LTO) is another safer prospective anode material that 
delivers excellent cycling behavior, and high current rate capability. The 
incorporation of 1D carbon nanostructure is still required to further enhance its power 
capability. LTO grains and C-LTO nanocomposites are prepared by 
co-electrospinning and subsequent heat treatment, as discussed in Chapter 7. C-LTO 
synthesized under the same calcination temperature with LTO grains (750 ºC for 10 
hr in air) was preserved in Ar. Therefore, much smaller LTO crystallites embedded in 
1D carbon nanostructure were observed by morphology observation and structure 
analysis. C-LTO was able to demonstrate much improved performance at 10C rate for 
500 cycles with a reversible capacity of ~107 mAhg
-1
. The result again proves that 
electrospun 1D polymeric nanofibers can suppress the growth of nanoparticles during 
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carbonization, and thus offer improved electrochemical performance in LIB 
applications. 
8.2 Future Studies 
The work in current thesis has demonstrated that the electrospun CNFs have 1D 
nanostructure with superior electrochemical performance and they are facile to be further 
functionalized with high-energy nanomaterials. The 1D electrospun CNF has the effects of 
reduction for the combining materials and separation for nanoparticles standing on its scaffold. 
Bare electrospun CNF and CNF-based metal oxide (including NiO/RuO2, Fe2O3, and LTO) 
nanocomposites have been studied as prospective anode materials. They were exhibited a stable 
electrochemical cycling behavior and improved power output. Yet, further studies regarding 
electrospun CNF-based materials in LIB applications are necessary to promote the real 
application. Following options are suggested: 
1) As the combination of electrospun CNF and electro-active metal oxide was proved to 
be a success to improve the properties and performance of electrode material, it can 
be assumed that further improvement can be obtained with similar material 
fabrication strategy. Not only other anode materials, but also cathode materials, such 
as LiFePO4 and LiMn2O4, can be studied as the functionalizing active materials for 
electrospun CNFs. However, the difficulty to synthesize complex oxide compounds 
with electrospun CNFs is to prepare nanofiber with metal salt precursor at uniform 
stoichiometry. The sintering condition is another problem that is necessary to be 
explored for the nanoparticle formation and crystal growth. 
2) Manufacturing electrospun CNFs in laboratory scale has been discussed in current 
study. It is of great significance that enlarging the scale of production is being 
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explored in future study. According to the technique developed in this thesis, coin cell 
(half-cell configuration) using the experimental scale of sample were fabricated and 
measured by various electrochemical characterizations. The performances were 
competitive among prospective anode materials; however, such nice electrochemical 
behavior needs to be verified by full-cells before real applications can utilize 
as-prepared materials. 
3) The fabrication of CNFs from electrospun polymeric nanofibers was found to have 
low yielding ratio especially at long-period carbonization period. Such CNFs cannot 
be easily made into robust and flexible freestanding electrodes as the shrinkage of 
electrospun membrane occurs during the process. In the future, more researches can 
be done to handle the shrinkage problem. 
4) The advantages of nanoparticles standing on CNF 1D nano-scaffold can be further 
verified by in-situ XRD and TEM to realize the changes during Li cycling. 
Meanwhile, the studies on lithium diffusion coefficient at different cycling state can 
be carried out to understand the variation of structural changes during cycling. 
5) Fe2O3-CNF nanocomposites demonstrated iron oxide nanoparticles at the average 
size ~60 nm in diameter. If the size of iron oxide can be reduced to ~ 20 nm and again 
have uniform distribution along electrospun CNFs, better performance with power 
and stability can be expected. This may require the usage of co-electrospinning 
polymeric solution with iron salts. However, suitable synthesizing method should be 
explored to functionalize CNFs. 
